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Abstract
The deformation and fracture of polycarbonate and polycarbonate toughened with
methyl-methacrylate shell/polybutadiene core sub-micron particles are investigated.
The effects of strain rate, temperature, and notch stress triaxiality on deformation and
fracture are studied. The Arruda-Boyce constitutive model for glassy polymers and
finite element simulations are used to simulate the deformation of the polycarbonate
homopolymer subjected to compression and tension under un-notched and notched
conditions.
Compression of polycarbonate in uniaxial compression is found to exhibit an ini-
tially elastic response followed by yield, then strain softening and strain hardening at
large strains. The yield stress is found to be dependent on temperature and strain
rate. Yield stress is shown to increase with increasing strain rate and decrease with
increasing temperature.
Load-displacement behavior of un-notched polycarbonate is shown to exhibit an
initially elastic response followed by macroscopic yield, then a load drop, and then
a load plateau as the neck stably propagates, soon after the neck has propagated
the full length of the specimen it begins to travel into the grip region, ductile failure
occurs due to extensive stretching. The fracture is surface initiated. The load at yield
is shown to be dependent on temperature and displacement rate. The load at yield
increases with increasing strain rate and decreases with increasing temperature.
Notched tension specimens are shown to exhibit an initially elastic behavior.
Mildly notched specimens tested at room temperature are shown to fail in a ductile
manner similar to un-notched specimens. More severely notched specimens, and the
moderately notched specimen tested at 100 C are shown to fail in a brittle manner
where the brittle failure is found to be internally initiated.
The un-notched and notched tension test data together with simulation results
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enabled construction of ductile and brittle fracture criteria. A ductile failure crite-
rion of maximum strain is proposed. This maximum strain is seen in the ductile
failures of both the un-notched and the mildly notched specimens and has a value
of approximately 0.65. A temperature dependent brittle failure criterion is proposed.
This brittle failure criterion establishes critical values of negative pressure for brittle
failure at various temperatures.
Rubber-modified compression and tension specimens are shown to exhibit stress-
strain and load-displacement behavior similar to that seen for the un-modified ma-
terial compression and tension tests respectively. The elastic modulus, yield stress,
amount of strain softening, and strain hardening are all seen to decrease with increas-
ing rubber volume content. The inclusion of sub-micron rubber particles is shown not
to dramatically enhance the mechanical properties of un-notched or mildly notched
specimens. The inclusion of sub-micron rubber particles is shown to drastically in-
crease the displacement to failure of more severely notched specimens tested at room
temperature, but is shown to provide little improvement for tests conducted at -60 C.
Thesis Supervisor: Mary C. Boyce
Title: Professor
Thesis Supervisor: David M. Parks
Title: Professor
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Chapter 1
Introduction
Polycarbonate (PC) is a widely used engineering polymer known for both its tough-
ness and transparency. It is an amorphous thermoplastic that has found uses in
everything from football helmets to bulletproof glass to compact discs. PC is usually
a ductile polymer that will plastically deform by shearing. PC can also fail in a brit-
tle manner via cavitation and/or crazing under states of high triaxial loading. The
mechanical behavior of PC is dependent on strain rate, pressure, and temperature
[1] [8]. Although the failure mode of polycarbonate is usually ductile in nature, the
introduction of a notch has been shown to cause a transition to brittle behavior due
to the high triaxial stress near the notch tip [16] [27].
The purpose of this thesis is to characterize the behavior of polycarbonate and
rubber-toughened blends of polycarbonate under un-notched and notched conditions
at different loading rates and temperatures. Various notch geometries will be tested,
and simulations of these geometries will be analyzed using a constitutive model for
amorphous polymers. Boyce, et al., developed a constitutive model for glassy poly-
mers that included temperature, strain rate, and pressure sensitivity [8]. This model
was then further developed by Arruda and Boyce [1]. Arruda and Boyce showed that
various modes of polycarbonate deformation could be predicted with their modified
constitutive model [7] [2] [6]. This modified model will be used in this thesis research
along with the finite element method to simulate deformation. Both un-notched
and notched geometries tested at various rates and temperatures will be simulated.
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This thesis research will also look at the effect of the incorporation of second phase
core-shell rubber particles on the mechanical behavior of polycarbonate under both
un-notched and notched loading conditions. It has been shown that these particles
can increase the toughness of polycarbonate [26] [18].
1.1 Yield of Polycarbonate
The yield stress of PC has been shown to depend on pressure, strain rate, and tem-
perature. The pressure dependence of yield has been studied by several investigators.
For example, Kaieda and Pae applied a 400 MPa hydrostatic pressure to polycar-
bonate being tested in tension and found the yield stress to increase over 60% [17].
Nazarenko, et al., found that there was a positive linear correlation between applied
hydrostatic pressure and yield stress in tension [21]. Temperature also has an effect
on the yielding behavior of polycarbonate. Nazarenko, et al., also showed that the
yield stress of PC loaded in tension increases with decreasing temperature [21]. The
effect of temperature on the yield of polycarbonate has also been shown in shear [13]
[15] and compression [1]. G'Sell and Gopez demonstrated that increasing strain rate
in shear increased yield stress at various temperatures [15]. Fleck and Wright used
Split Hopkinson Pressure Bars to test PC at extremely high strain rates (5000/s) and
found the yield stress to increase almost 50% over that of slower rate tests (0.0004/s)
[13].
1.2 Notch Sensitivity
Circumferentially notched bars provide an opportunity to study the effects of stress
triaxiality on the deformation and failure of a material. A schematic of a circumfer-
entially notched bar, and different stress quantities under elastic loading are shown
in Figure 1-1. This figure shows contour plots of the negative pressure, Mises stress,
and stress in the axial direction near the notch when subjected to a far field stress of
88.7MPa. The multiaxial state of stress present in the net section of circumferentially
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notched bars causes the local negative pressure to increase over that present under
uniaxial loading conditions. This increase in the negative pressure makes it difficult
for the Mises stress to reach a value which would cause yielding before brittle events
such as crazing or cavitation can occur. The negative pressure is given by:
-P = -(Ozz + 000 + Urr) (1.1)3
where uii are the diagonal stress components.
For yielding to occur, the Mises stress (UMises) given below:
UMises 2 [(oroo - orr)2 + (orr - zz) 2 + (rzz - o)] + 3[2r ± rz OZ 
must equal the yield stress measured under uniaxial loading:
aMises = Uy (1-3)
Triaxiality is defined as the ratio of the negative pressure to the Mises stress:
E = _(1.4)
UMises
High values of E (i.e. high -P) can lead to failure by a brittle mechanism due to,
for example, the negative pressure, -P, reaching a critical value causing cavitation or
crazing prior to the Mises stress reaching yield conditions (Equation 1.4) and enabling
ductile plastic deformation. This is what happens under sharp notch conditions where
E is high. For example, in the sharp notch shown in Figure 1-1, the maximum level of
triaxiality is 1.3 compared to a triaxiality value of 0.33 present in un-notched uniaxial
tension.
A few researchers have looked at the various opportunities for the characterization
of the behavior of notched cylindrical specimens. The triaxiality present in notched
bars causes them to produce a greater amount of average axial stress than notched
plates [19]. Shabara, et al., used bluntly notched round-bar specimens to determine
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the KIc of copper and steel. They found that as the ratio of the notch root radius
to the net section decreases so does the fracture toughness. They also showed that if
the root radius of the notch is too sharp it will embrittle the material at the notch tip
[23]. Hyakutake and Nisitani studied the behavior of notched bars and plates of PC.
In agreement with previous results, they found that for a given notch root radius,
circumferentially notched bars failed in a brittle manner, while the notched plates
(36mm width and 10mm thickness) failed in a ductile manner. They also showed that
the nominal stress in the net section at failure is independent of specimen diameter,
and is determined by the ratio of the net section to the notch root radius [16].
1.3 Toughened Polymers
An abundance of research has been conducted on the inclusion of second phase par-
ticles to enhance the mechanical properties of polymers. Wu showed that dispersing
rubber particles with proper size and spacing in nylon can increase toughness up
to sixty times [29]. Muratoglu, et al., built upon this work by developing a model
to explain the super toughening mechanisms of rubber in nylon [20]. Bartczak, et
al., showed that rubber-modified high-density polyethylene can have toughness im-
provements of up to sixteen times over the unmodified material [4]. Gensler, et al.,
found that rubber-modified polypropylene showed no ductile to brittle transition,
even at extremely high loading rates, while the unmodified polypropylene behaved
in a brittle manner at these increased rates [14]. Filler materials other than rubber
have been shown to improve the properties of polymers as well. Bartczak, et al., also
showed that high-density polyethylene could be toughened with calcium carbonate
particles which simultaneously increased the Young's modulus [5]. Siegmann and
Hiltner showed that the impact strength of PVC can be increased up to thirty times
by modifying it with chlorinated polyethylene [24].
Considerable work has also been done on the effects of rubber inclusions on the me-
chanical behavior of polycarbonate. It is believed that the cavitation of these rubber
particles relieves the matrix triaxiality in the material and allows it to plastically de-
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form and thus fail in a ductile manner. Core-shell particles are used because the shell
allows for good dispersion of the particles and helps the particle to stay intact during
processing. It was determined that polycarbonate toughened with linear polybutadi-
ene resulted in a wide range of rubber particle sizes and did not enhance the toughness
of the PC [12]. Kim et al found that core-shell rubber particles can effectively in-
crease the toughness of PC [18]. Cheng, et al., tested single edged notched tension
specimens of core-shell rubber-toughened polycarbonate. They determined that at a
critical negative pressure the rubber particles in the material cavitate. The cavitation
of these particles changes the way the light scatters and alters the appearance of the
specimen. They designated this area of altered appearance the stress-whitened zone
(SWZ) [11]. Cheng, et al., showed that the yield stress of rubber-modified PC blends
decreased linearly as rubber content increased. They found that the Izod impact
strength of PC modified with rubber increased up to six times at temperatures as low
as -40 C [9]. Tanrattanakul, et al., tested un-notched polycarbonate and rubber-
modified polycarbonate and found that the core-shell particles did not improve strain
to failure at room temperature, but increased strain to failure at temperatures as low
as -60 C [26]. Cheng, et al., also showed that the cavitation of rubber particles can
be accomplished by the cavitation of nearby rubber particles as well; they designated
this as cooperative cavitation [10].
1.4 Thesis Outline
This thesis will examine the effects of temperature and strain rate on polycarbonate
tested in both uniaxial tension and compression. Notched tension specimens will also
be tested at various temperatures and strain rates. These specimens will have constant
net section diameter and varying notch root radii. The effects of the increased negative
pressure present in notched tension specimens on deformation and failure will be
studied. Rubber-modified polycarbonate specimens of the same geometries will also
be tested. The effects of rubber-toughening on deformation and failure of both un-
notched and notched tension specimens will be studied.
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Chapter 2
Methods and Materials
This chapter details the methods and materials used in this thesis research. The
material used in this research is detailed. The specimens used to test the deformation
and failure of these materials will be described. The experimental procedures used
in this thesis research will then be detailed. The optical and electron microscopy
performed in the analysis of the materials and the specimens are discussed. Finally,
the finite element simulations used are also described.
2.1 Material
The homopolymer used in this thesis research was Makrolon 2608, supplied by the
Bayer Corporation, Pittsburgh, PA. It came in the form of injection-molded bars
12.7 mm x 12.7 mm x 127 mm. The modified polymer had a Makrolon 2608 matrix
which included Rohm and Hass core-shell rubber particles. These particles had a
methyl-methacrylate / styrene shell and a polybutadiene core. The blends tested
were formulated to contain 5, 10, 20, and 30% rubber particles by volume. Sections
of undeformed material were cryo-fractured. A scanning electron microscope was
then used to study the microstructure of these surfaces. Image analysis software was
then used to determine average particle size and range of particle size. Particle sizes
ranged from 0.3im to 0.8pm and had an average size of 0.52pm
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Figure 2-1: Axisymmetric tension specimens. All dimensions in mm.
2.2 Specimens
All tension specimens were machined to be cylindrical with threaded ends. Un-
notched specimens had a diameter of 5.08 mm and a gauge length of 15.24 mm.
Notched specimens also had a gauge length of 15.24 mm, but a diameter of 6.35
mm. Semi-circular circumferential notches with radii of 0.76, 1.27, and 1.91 mm were
machined into the specimens. All notched specimens had a net section diameter of
3.81mm. These specimens are shown in Figure 2-2.
Cylindrical compression specimens of both unmodified and rubber-toughened PC
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blends were machined. These compression specimens had a diameter of 9.53 mm, and
a height of 6.35 mm. All specimens were heated to and held at 140 C for two hours
to remove residual stresses. The samples were then allowed to oven-cool.
2.3 Experiments
2.3.1 Tension
All tension tests were conducted using an Instron model 5582 screw machine. Un-
modified polycarbonate specimens were tested at cross-head speeds of 5, 50, and 500
mm/min. Rubber-toughened PC specimens were tested at only 5 and 500 mm/min.
An Instron model 3119-007 temperature chamber was used to provide different test
temperatures. Unmodified PC specimens were tested at -60 C, 25 0 C (Room Temp),
and 100 0 C. Rubber-toughened PC specimens were only tested at 25 C, and -60 0 C.
Once the temperature chamber had reached the specified temperature, samples were
allowed to thermally equilibrate for twenty minutes. Tests not conducted at room
temperature were performed at a cross-head speed of 5mm/min. An Instron model
2630-100 clip-on extensometer with a gauge length of 12.7 mm was attached to the
specimens to obtain a more accurate value for displacement. For un-notched tests,
displacement was measured with the extensometer for the first 6.4mm, then cross-
head displacement was used. The entire displacement for notched specimens was
measured using the extensometer. All tension tests were performed at least twice.
2.3.2 Compression
Compression tests were performed using an Instron 1350 with servo-hydraulic con-
trols. An extensometer with a gauge length of 12.7 mm and a personal computer
running LabView was used to control cross-head displacement. This ensured com-
pression at constant true strain rate. WD-40 lubricant was placed on the platens
and covered with a small sheet of Teflon. This was done to reduce the friction be-
tween the platens and the specimens. Unmodified PC specimens were tested at strain
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rates of 0.001, 0.01, and 0.1/s. Unmodified PC specimens were also tested at 60" C
and 100 C at 0.001/s. These specimens were heated using an electric resistance
heater. Once the specified temperature was reached, these specimens were also al-
lowed to thermally equilibrate for twenty minutes. Rubber-toughened blends of PC
were tested only at room temperature at a strain rate of 0.01/s. All compression tests
were performed at least twice.
2.4 Microscopy
2.4.1 Optical
All fracture surfaces were examined with an optical microscope. Optical microscopy
was performed using a Carl Zeiss stereo-microscope. A Nikon digital camera was
attached to acquire digital images. Rubber-toughened specimens were sputter-coated
with a thin layer of Au/Pd to improve contrast.
2.4.2 Electron
Scanning electron microscopy was performed using a JOEL model 6320FV field emis-
sion high resolution scanning electron microscope. Samples were sputter-coated with
a thin layer of Au/Pd. Electron microscopy was used to examine undeformed material
and the fracture surfaces of rubber-toughened specimens.
2.5 Finite Element Modeling
Finite element simulations of uniaxial tension, compression, and notched tension were
performed using ABAQUS v5.8. A user material subroutine of the constitutive model
of Arruda and Boyce was used for this analysis [6] [7] [1] [2]. Compression tests
were performed on unfilled Makrolon to determine the material constants for this
model. Due to the axisymmetry of the samples only one-quarter of the specimen
was modeled. This model was then tessellated to give a representative picture of the
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sample. The meshes used for each geometry are shown in Figure 2-2. Axisymmetric
8-node reduced integration elements (ABAQUS element type CAX8R) were used for
all analyses. Deformations were displacement-controlled according to the parameters
of the experiments.
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Figure 2-2: Finite element meshes.
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Chapter 3
Unfilled Polycarbonate
This chapter details the results of uniaxial compression and tension of polycarbonate
homopolymer. Both compression and tension tests are performed at various tempera-
tures and strain rates. Three notched geometries of the polycarbonate homopolymer
are also tested in uniaxial tension at various strain rates and temperatures. A sum-
mary of the results is given at the end of this chapter.
3.1 Uniaxial Compression
Figure 3-1 shows uniaxial compression tests performed at three strain rates. The
stress-strain behavior exhibits an uniaxial linear elastic response, this is followed by
a nonlinear transition to yield, followed by yield, strain softening, and then strain
hardening at large strains. As seen in the figure, there is a small dependence of
the yield stress on the strain rate. Strain softening and hardening are essentially
independent of strain rate. As previously mentioned, compression specimens were
used to calibrate the Arruda-Boyce model used in this analysis. The constitutive
model and material properties used for these simulations are detailed in Appendix
A. Figure 3-2 shows compression of PC at room temperature at a strain rate of
0.001/s. Figures 3-3 and 3-4 show the results of tests at strain rates of 0.01/s and
0.1/s respectively. As seen in these figures the model seems to capture all aspects of
the stress-strain curve well, with the exception of the nonlinear transition to yield.
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Figure 3-1: Uniaxial compression at various strain rates at room temperature.
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Figure 3-2: Simulation and experimental data of uniaxial compression of PC at room
temperature at a strain rate of 0.001/s.
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Figure 3-3: Simulation and experimental data of uniaxial compression of PC at room
temperature at a strain rate of 0.01/s
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Figure 3-4: Simulation and experimental
temperature at a strain rate of 0.1/s.
data of uniaxial compression of PC at room
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Figure 3-5: Uniaxial compression at various temperatures at a strain rate of 0.001/s
There is a noticeable temperature dependence on the yield stress of the PC com-
pression specimens, as seen in Figure 3-5. The yield stress at 60 QC is 16 % lower
than that of the room temperature test at the same rate. The yield stress at 100 s C
is almost 35 % lower than that of the comparable room temperature test. Figures 3-6
and 3-7 show the experimental and simulation data for 60 'C and 100 'C respectively.
The yield stress and initial softening are captured well by the model in both cases.
There is a divergence between model and the experimental results at the later hard-
ening stages at these elevated temperatures. This is due to the fact that there is less
hardening due to entanglement slippage at high temperatures, which is not included
in this model. Table 3.1 shows the yield stress and elastic modulus of PC tested
in uniaxial compression as a function of both temperature and strain rate. Future
work can address this dependence using the model proposed by Arruda, Boyce, and
Jayachandran [3].
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Figure 3-6: Simulation and experimental data of uniaxial compression
at a strain rate of 0.001/s
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Figure 3-7: Simulation and experimental data of uniaxial compression
at a strain rate of 0.001/s
of PC at 60'C
of PC at 100 C
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Table 3.1: Elastic moduli and yield stress as a function of temperature and strain
rate.
Temperature (K) Strain Rate Yield Stress (MPa) Elastic Modulus (MPa)
298 0.1/s 82.2 2054
298 0.01/s 77.0 2227
298 0.001/s 75.5 1948
333 0.001/s 62.9 1760
373 0.001/s 51.8 1307
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Figure 3-8: Load-displacement of 5.08mm diameter un-notched PC at various rates
at room temperature.
3.2 Un-notched PC in Uniaxial Tension
Load-displacement curves for un-notched tension tests at various displacement rates
are shown in Figure 3-8. The load-displacement curve features an initial linear elastic
response, followed by a macroscopic yield, followed by a steep drop in load (which
corresponds to the initiation of a localized neck), followed by a load plateau (which
corresponds to stable neck propagation), followed by a gradual increase in the load
(corresponding to the neck having propagated the full length of the bar and attempt-
ing to travel into the grip section of the specimen and further strain and thus harden
the necked region). As the cross-head speed increases, the load at yield increases.
The load drop due to neck localization is seen to be independent of displacement rate.
The simulated load-displacement as well as the experimental data for the 5mm/min
displacement is shown in Figure 3-9. The letters correspond to stages in the load-
ing with "X" signifying fracture. The simulation predicts a slightly higher initial
yield value, but predicts the subsequent post-yield load drop, load plateau, and load
increase due to additional strain hardening at large strains well.
Contours of negative pressure, strain in the axial direction, and maximum prin-
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Figure 3-9: Simulated and experimental load-displacement curves of 5.08mm diame-
ter un-notched PC loaded at 5mm/min at room temperature.
cipal stress are shown at various stages of loading for each case. As previously men-
tioned in Chapter 1, high values of negative pressure or maximum principal stress
can lead to brittle failure events such as cavitation or crazing. Strain in the axial
direction is shown because large values of strain lead to eventual ductile failure.
Contours of the negative pressure for each stage in the loading are shown in Figure
3-10. Initially, right after yield, the negative pressure is localized in the corners of
the gauge length, this is labeled as "A". After the neck initiates the negative pressure
is highest in the center of the specimen. After the neck has propagated to the end
of the gauge length the peak value of the negative pressure increases and is highest
in the middle of the ends of the specimens. As the neck continues to propagate the
negative pressure continues to increase and still has its largest value at the middle
of the ends of the specimens. These levels of negative pressure (35-50 MPa) did not
result in brittle failure at room temperature and the specimen plastically deformed.
Contours of the maximum principal stress for each stage of loading are shown in
Figure 3-11. At the point of initial yield, the maximum principal stress is uniform
throughout the gauge length of the specimen. After yield, the peak value of the max-
imum principal stress decreases and becomes localized in the center of the specimen.
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Figure 3-10: Contours of negative pressure for un-notched simulation loaded at
5mm/min at room temperature.
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Figure 3-11: Contours of maximum principal stress for un-notched simulation loaded
at 5mm/min at room temperature.
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As the neck propagates, the value increases and becomes more uniform throughout
the specimen. Finally, the peak value of the maximum principal stress continues to
increase and is located at the edges of the specimen, the center, and the middle of
the ends.
Contours of the strain in the axial direction are shown in the Figure 3-12. Initially
the strain is slightly higher in the middle of the specimen, but almost uniform in value
throughout the gauge length. As the neck initiates, the strain becomes localized at one
axial location, here this occurs midway along the length since an initial imperfection
was located at that point. As the neck propagates the value of the strain increases
to 0.60 and is uniform in the gauge length of the specimen. Finally the neck has
propagated the full length of the specimen and begins to move into the grip region,
the stress then increases in the grip region further straining the gauge section and the
strain is increased to a value of 0.66 at "X".
The two sides of the fracture surface for the un-notched tension specimen at
5mm/min at room temperature are shown in figures 3-13 and 3-14. The surfaces
show tearing and yielding characteristic of a ductile fracture. The schematic shows
an axial view of the fracture; the surfaces are represented with a dotted line.
The load-displacement curves for the simulated and experimental tests at 50mm/min
at room temperature are shown in 3-15. This simulation predicts the value of the
initial yield well in addition to predicting the load drop, the load plateau, and the
small increase in load due to strain hardening seen in the load just prior to fracture.
Contours of the negative pressure for this loading case are shown in Figure 3-16.
The sequence of events for this loading case is the same as that of the 5mm/min case.
The values of the negative pressure for this case are slightly higher than for those in
the 5mm/min case.
The contours for the maximum principal stress are shown in Figure 3-17. The
maximum principal stresses are slightly higher than those of the 5mm/min case.
Contours for the strain in the axial direction are shown in Figure 3-18. At specimen
failure strain has reached a peak value of 0.64.
The two sides of the fracture surface for the un-notched PC specimen at 50mm/min
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Figure 3-12: Contours of strain in the axial direction for un-notched simulation loaded
at 5mm/min at room temperature.
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(a) (b)
Figure 3-13: (a) Fracture surface of un-notched specimen at 5mm/min at room tem-
perature. (b) Axial schematic of fracture.
Figure 3-14: Fracture surface of un-notched specimen at 5mm/min at room temper-
ature.
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Figure 3-15: Simulated and experimental load-displacement curves of 5.08mm diam-
eter un-notched PC loaded at 50mm/min at room temperature.
at room temperature are shown in Figures 3-19 and 3-20. This fracture was initiated
from the surface of the specimen, as seen in the images.
The load-displacement curves for the simulated and experimental tests at 500mm/min
at room temperature are shown in 3-21. The simulation predicts the value of the load
at yield and the load required to draw the polymer well.
Contours of the negative pressure for this loading case are shown in Figure 3-22.
The sequence of events for this loading case is the same as that of the previous two
cases. The values of the negative pressure for this case are slightly higher than those
for the two prior displacement rates.
The contours for the maximum principal stress are shown in Figure 3-23. The
sequence of events is very similar to that of the previous two displacement rates. The
value of the maximum principal stress for this case is slightly higher than that of the
previous two. Contours for the strain in the axial direction are shown in Figure 3-24.
At specimen failure the peak value of strain is 0.65.
The fracture surfaces for un-notched PC specimen at 500mm/min at room tem-
perature are shown in Figures 3-25 and 3-26. This fracture was also initiated from
the surface of the specimen.
50
PRESS VALUE
-3.73E+07
-3.O1E+07
-2.28E+07
-1.56E+07
-8.32E+06
1.07E+061
+6.1BE+061
+1 .34E+07
+2.07E+07
A B
PRESS VALUE
-5.87E+07
-4.95E+07
-4.02E+07
-3.09E+07
-2.17E+07
-1.24E+07
-3.13E+06
+6.14E+06
+1.54E+07I
X
Figure 3-16: Contours of negative pressure for un-notched simulation loaded at
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Figure 3-19: (a) Fracture surface of un-notched specimen at 50mm/min at room
temperature. (b) Axial schematic of fracture.
The load-displacement curves for un-notched PC tested in tension at various
temperatures is shown in figure 3-27. The temperature dependence of PC is very pro-
nounced. The yield stress at -60 C is over 30% higher than that at room temperature.
The extension at fracture is also noticeably lower than at room temperature. The
yield stress at 100 C is considerably lower than that of the room temperature test.
There is also a pronounced decrease in Young's modulus with increasing temperature.
The load-displacement curves for the simulated and experimental tests at 5mm/min
at -60 C are shown in Figure 3-28. The simulation predicts a lower load at yield and
load plateau than that seen in the experiment. It should be noted that the consti-
tutive model was not calibrated for use at this low temperature. It has been shown
that the rate sensitivity of yield in PC changes at temperatures below -50 C [22].
The rate sensitivity determines the stress at which yield occurs in the model (see
Appendix A).
Contours of the negative pressure for testing at -60 C are shown in Figure 3-
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Figure 3-20: Fracture surface of un-notched specimen at 50mm/min at room tem-
perature.
1.
1.6
1.4
1.2
-i0.8
0.6
0.4
0.2
100
Displacement (mm) 15
Figure 3-21: Simulated and experimental load-displacement curves
eter un-notched PC loaded at 500mm/min at room temperature.
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Figure 3-22: Contours of negative pressure for un-notched simulation loaded at
500mm/min at room temperature.
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Figure 3-23: Contours of maximum principal stress for un-notched simulation loaded
at 500mm/min at room temperature.
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Figure 3-24: Contours of strain in the axial direction for un-notched simulation loaded
at 500mm/min at room temperature.
58
(a) (b)
Figure 3-25: (a) Fracture surface of un-notched specimen at 500mm/min at room
temperature. (b) Axial schematic of fracture.
29. The values of negative pressure for the simulation are probably lower than those
present in the experiment because of lower loads and thus lower values of the stress
components.
The contours for the maximum principal stress are shown in Figure 3-30. Contours
for the strain in the axial direction are shown in Figure 3-31. At failure the peak value
of strain in the axial direction is 0.67, slightly higher than the values seen at room
temperature. This level of maximum axial strain seems to consistently result in failure
as will be observed also in later cases and will be taken as a ductile failure criterion.1
The fracture surfaces for un-notched PC specimen at 5mm/min at -60 C are
shown in Figures 3-32 and 3-33. The fracture of the specimen at this lower tem-
'Approximating the stretch state as A, = A, A2 = A3 = -, the scalar equivalent chain stretch
cI = A2 + X where A = exp e is the axial stretch. A maximum axial stretch of 1.27 to cause
failure. This critical chain stretch can be used in more complicated (i.e. not axially dominated)
loading situations as a three dimensional ductile failure criteria.
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Figure 3-26: Fracture surface of un-notched specimen at 500mm/min at room tem-
perature.
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Figure 3-27: Load-displacement of 5.08mm diameter un-notched PC at 5mm/min at
various temperatures.
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Figure 3-28: Simulated and experimental load-displacement curves of 5.08mm diam-
eter un-notched PC loaded at 5mm/min at -60 C.
perature shows small bubble-like areas that encompass almost half of the surface.
The load-displacement curves for the simulated and experimental tests at 5mm/min
at 100 0 C are shown in 3-34. There is excellent agreement between the simulation
and the experimental data for both the load at yield and the initial flow load. The
curves slightly diverge as displacement continues.
Contours of the negative pressure (figure 3-35), maximum principal stress (figure
3-36), and strain in the axial direction (figure 3-37) are shown below. At failure, the
peak value of strain in the axial direction is 0.63.
The fracture surfaces for un-notched PC specimen at 5mm/min at 100 * C are
shown in Figures 3-38 and 3-39. The fracture of the specimen at this temperature
show the same shearing and tearing found in the specimens tested at room tempera-
ture at 5mm/min.
Table 3.2 shows the values of the yield stress and the elastic modulus as a function
of temperature and displacement rate. These values were obtained by normalizing
the load and displacement by initial cross-sectional area and gauge length respec-
tively to obtain engineering stress and strain. As expected, the elastic modulus is
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Figure 3-30: Contours of maximum principal stress for un-notched simulation loaded
at 5mm/min at -60 C.
63
E22 VALUEE2 VAU
+5.58E-04 +4.S6E-04
+2.87E-02+60E2
+5.68E-02 +1.20E-01
+8.49E-02 +1.80E-01
+1.13E-01 +2.40E-01
+1.41E-01 +3.00E-01
+1.69E-01 +3.60E-01
+1.97E-01 +4.20E-01
+2.26E-01 +4.80E-01
+2.54E-01 +5.40E-01
A B
E22 VALUE
+4.83E-04
+7.51E-02
+1.50E-01
+2.24E-01
+2.99E-01
+3.74E-01
+4.48E-01
+5.97E-01
+6.72E-01,
X
Figure 3-31: Contours of strain in the axial direction for un-notched simulation loaded
at 5mm/min at -60 C.
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(a) (b)
Figure 3-32: (a) Fracture surface of un-notched specimen at 5mm/min at -60 C. (b)
Axial schematic of fracture.
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Figure 3-33: Fracture surface of un-notched specimen at 5mm/min at -60 * C.
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Figure 3-34: Simulated and experimental load-displacement
eter un-notched PC loaded at 5mm/min at 100 * C.
curves of 5.08mm diam-
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Figure 3-36: Contours of maximum principal stress for un-notched simulation loaded
at 5mm/min at 100'C.
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Figure 3-37: Contours of strain in the axial direction for un-notched simulation loaded
at 5mm/min at 100 C.
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(a) (b)
Figure 3-38: (a) Fracture surface of un-notched specimen at 5mm/min at 100 C.(b)
Axial schematic of fracture.
Figure 3-39: Fracture surface of un-notched specimen at 5mm/min at 100 C.
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Table 3.2: Elastic moduli and yield stress as a function of temperature and strain
rate.
Temperature (K) Displacement Rate Yield Stress (MPa) Elastic Modulus (MPa)
298 500mm/min 83.0 2254
298 50mm/min 78.2 2190
298 5mm/min 71.1 2295
213 5mm/mm 98.9 2297
373 5mm/min 55.5 1885
nearly independent of displacement rate, and decreases with increasing temperature.
However, the increase in elastic modulus with decreasing temperature observed here
in tension differs from that observed in the compression tests, this may be due to
inaccuracies in the different measurement techniques.
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Figure 3-40: Load Displacement of 1.9mm radius notched PC at various rates at room
temperature.
3.3 1.905mm Radius Notched PC in Uniaxial Ten-
sion
The results of the load-displacement behavior of the 1.9mm radius notched tension
tests at various displacement rates are shown in Figure 3-40. Overall, the notched
specimen exhibits an elastic behavior, followed by a macroscopic yield of the specimen,
followed by a steep load drop, followed by a gradual increase in load with displacement
followed by failure. The figure shows there is very little dependence of the load at
macroscopic yield on the strain rate. The displacement at failure however decreases
with increasing strain rate.
The simulated load-displacement and the experimental data for the 5mm/min
displacement are shown in Figure 3-41. The elastic behavior, the load at yield, the
load drop, and the subsequent gradual load increase with continued displacement are
all predicted well by the model. The load increase is due to the increasing area of
the specimen as plastic deformation axially propagates, this increased area requires
a larger load to plastically deform.
Contours of the negative pressure for each stage for this notched loading case are
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Figure 3-41: Simulated and experimental load-displacement curves of 1.9mm notched
PC loaded at 5mm/min at room temperature.
shown in Figure 3-42. Unlike the negative pressure distribution for the un-notched
specimens where the peak value was distributed at the yield point, the negative
pressure for the 1.9mm radius notched specimen is initially localized in the center of
the specimen. The negative pressure for this notched specimen also has a considerably
higher value than that seen in the un-notched case (peak negative pressure is observed
to be approximately 63 MPa at onset of specimen yield as opposed to the 45 MPa
in the uniaxial loading case); yet this higher level of negative pressure was not large
enough to cause brittle failure of the specimen and the specimen began to plastically
deform. At the next stage of loading (B), the specimen has experienced significant
plastic straining locally and the negative pressure peak value becomes more localized
and increases in value. Finally, as the specimen continues to deform, the peak value
of the negative pressure becomes localized in a higher and lower region of notched
area. This is similar to the sequence of events seen in the later stages of loading for
the un-notched case.
Figure 3-43 shows contours for the maximum principal stress. At the yield point,
the maximum principal stress is localized in the center of the specimen. The peak
value of the maximum principal stress at yield is over 25 MPa higher than at yield
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Figure 3-42: Contours of negative pressure for 1.9mm notched simulation loaded at
5mm/min at room temperature.
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Figure 3-43: Contours of maximum principal stress for 1.9mm notched simulation
loaded at 5mm/min at room temperature.
75
in the un-notched specimen. At the next stage in loading, the peak value of the
maximum principal stress is more localized in the center of the specimen. At the
point of failure, the peak value of the maximum principal stress is located at the
edges of the deformed notch section.
Contours of the strain in the axial direction for the 1.9mm radius notch case are
shown in the figure 3-44. At the yield point, the maximum value of strain is at the
notch edge and slightly inward from the notch. As deformation continues, strain
increases throughout the net section of the specimen with a peak value reached in the
center of the specimen. At failure, the strain is at the maximum value at the edges
of the specimens and slightly exceeds the maximum strain at which the un-notched
specimen tested under the same conditions fails; i.e., the material deforms in a ductile
manner due to extensive stretching.
The fracture surfaces for this loading case are shown in Figures 3-45 and 3-46.
These surfaces show the same tearing and yielding seen in the similar surface initiated
un-notched loading case failure. Note that failure occurred at the location of highest
plastic strain due to extensive straining (i.e. ductile failure) as opposed to occurring
at the region of highest negative pressure.
The load-displacement curves for the simulated and experimental tests of the
1.9mm radius notched specimen at 50mm/min at room temperature are shown in
3-47. The yield stress and load increase due to strain hardening are both predicted
well.
The negative pressure contours for this loading case are shown in Figure 3-48.
The sequence of events at 50mm/min is similar to that of the 5mm/min case. The
peak values of negative pressure at point "B" and failure are slightly higher for the
faster cross-head displacement.
The contours for the maximum principal stress are shown in Figure 3-49. The
peak value of the maximum principal stresses at points "A" and "B" during loading
is slightly higher than those of the 5mm/min case. Contours for the strain in the
axial direction are shown in Figure 3-50. The maximum value of strain at failure is
lower than that of the 5mm/min case.
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Figure 3-44: Contours of strain in the axial direction for 1.9mm notched simulation
loaded at 5mm/min at room temperature.
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(a) (b)
Figure 3-45: (a) Fracture surface of 1.9mm radius notched specimen
room temperature. (b) Axial schematic of fracture.
at 5mm/min at
Figure 3-46: Fracture surface of 1.9mm radius notched specimen at 5mm/min at
room temperature.
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Figure 3-47: Simulated and experimental load-displacement curves of 1.9mm notched
PC loaded at 50mm/min at room temperature.
The fracture surfaces for 1.9mm radius notched specimen at 50mm/min at room
temperature are shown in Figures 3-51 and 3-52. These fracture surfaces are very
similar to those seen in the 5mm/min case.
The load-displacement curves for the simulated and experimental tests for the
1.9mm radius notched specimen at 500mm/min at room temperature are shown in
3-53. Once again there is excellent agreement between the simulation and the exper-
imental results for both the load at yield and the flow load.
Negative pressure contours for the 500mm/min loading case are shown in Figure
3-54. The sequence of events for this loading case are very similar to those of the 5
and 50mm/min cases.
The contours for the maximum principal stress are shown in Figure 3-55. The
localization pattern for the peak value of the maximum principal stress is different
at failure in this case than in the previous two cases. Contours for the strain in the
axial direction are shown in Figure 3-56.
The fracture surfaces for 1.9mm radius notched PC specimen at 500mm/min at
room temperature are shown in Figures 3-57 and 3-58. These fracture surfaces are
similar to those of the previous two loading cases.
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Figure 3-48: Contours of negative pressure for 1.9mm notched simulation loaded at
50mm/min at room temperature.
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Figure 3-49: Contours of maximum principal stress for 1.9mm notched simulation
loaded at 50mm/min at room temperature.
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Figure 3-50: Contours of strain in the axial direction for 1.9mm notched simulation
loaded at 50mm/min at room temperature.
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(a) (b)
Figure 3-51: (a) Fracture surface of 1.9mm radius notched specimen at 50mm/min
at room temperature. (b) Axial schematic of fracture.
Figure 3-52: Fracture surface of 1.9mm radius notched specimen at 50mm/min at
room temperature.
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Figure 3-53: Simulated and experimental load-displacement curves of 1.9mm notched
PC loaded at 500mm/min at room temperature.
The load-displacement curves for 1.9mm radius notched PC tested in tension at
various temperatures are shown in figure 3-59. As was the case with the un-notched
specimens the temperature dependence of the behavior is very pronounced. The test
conducted at -60 has a higher yield and lower displacement to failure than that of
the room temperature test. The test run at 100 C experiences failure suddenly after
yield.
The load-displacement curves for the simulated and experimental tests at 5mm/min
at -60 C are shown in 3-60. The simulation, once again, predicts a lower load at yield
than is actually observed.
Contours of the negative pressure for the simulation at -60 C are shown in Figure
3-61. These contours show higher values of negative pressure than seen at room
temperature. The contours for the maximum principal stress are shown in Figure
3-62. These high levels of negative pressure and principal stress do not result in a
brittle fracture at -60 ' C, instead the specimen plastically deforms. Contours for the
strain in the axial direction are shown in Figure 3-63. These contours show peak
values of both maximum principal stress and strain in the axial direction localized in
the net section of the specimen. At failure the strain in the axially direction reaches
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Figure 3-54: Contours of negative pressure for 1.9mm notched simulation loaded at
500mm/min at room temperature.
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Figure 3-55: Contours of maximum principal stress for 1.9mm notched simulation
loaded at 500mm/min at room temperature.
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Figure 3-56: Contours of strain in the axial direction for 1.9mm notched simulation
loaded at 500mm/min at room temperature.
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Figure 3-57: (a) Fracture surface of 1.9mm radius notched specimen at
at room temperature. (b) Axial schematic of fracture.
500mm/min
Figure 3-58: Fracture surface of 1.9mm radius notched specimen at 500mm/min at
room temperature.
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Figure 3-59: Load-displacement of 1.9mm radius notched PC at 5mm/min at various
temperatures.
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Figure 3-60: Simulated and experimental load-displacement curves of 1.9mm notched
PC loaded at 5mm/min at -60 C.
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Figure 3-61: Contours of negative pressure for 1.9mm notched simulation loaded at
5mm/min -60'C .
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a value of 0.67, which is the same value at which the un-notched specimen failed, and
is also the failure strain at room temperature.
The fracture surfaces for 1.9mm radius notched PC specimen at 5mm/min at -
60 C are shown in Figures 3-64 and 3-65. This fracture is initiated internally. This
can be seen by the array of radial lines originating at the failure initiation site. Both
fracture surfaces have a crater like surface with a small lip of plastically stretched
material around the circumference of the surface.
The load-displacement curves for the simulated and experimental tests at 5mm/min
at 100 C are shown in 3-66. The experiment shows an initial yield followed immedi-
ately y a load drop to final failure, i.e. a brittle fracture. At the prescribed displace-
ment, the simulation predicts both yielding and a slight load drop. The simulation
was halted at this point (if carried further it would predict plastic stretching of the
specimen) in order to examine the pressure, stresses, and strain in the axial direction.
Contours of the negative pressure for this loading case are shown in Figure 3-67.
The peak value of the negative pressure for all loading stages at this temperature
is considerably lower than that seen at room temperature. The peak value of the
negative pressure localizes in the center of the specimen. At failure, this value is
50 MPa and suggests that a critical negative pressure of 50 MPa results in brittle
failure at 100 C (note that under un-notched uniaxial loading, -P=25 MPa and
the specimen plastically deformed). Contours of the maximum principal stress are
shown in Figure 3-68. The maximum principal stress at failure is 84 MPa. Like the
negative pressure, the values are lower than those seen at room temperature, and
there is a localization of the peak value of the maximum principal stress in the center
of the specimen. This indicates that the critical conditions for initiating a brittle
failure are temperature dependent and that the critical negative pressure for brittle
failure decreases with an increase in temperature. Contours of the strain in the axial
direction are shown in Figure 3-69.
91
SP3 VALUE SP3 VALUE
1.84E+05 -1.83E+05
+1.79E+07 -+1.79E+07
+3.60E+07 -+3.60E+07
+5.41E+07 +5.41E+07
+7.22E+07 +7.22E+07
+9.03E+07 +9.03E+07
+1.08E+08 +1.0E+08
+1.27E+08 +1.27E+08
+1.45E+08 +1.45E+08
+1.63E+08 +1.63E+08
A B
SP3 VALUE
-1. 90E+0 5
+1. 86E+07
+3. 74E+07
+5 .62 E+0 7
+7 . 50 E+0 7
+9.38E+07
+1. 13 E+0 8
+1. 31E+0 8
+1. 50 E+08
+1. 69E+08
X
Figure 3-62: Contours of maximum principal stress for 1.9mm notched simulation
loaded at 5mm/min at -60 ' C.
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Figure 3-63: Contours of strain in the axial direction for 1.9mm notched simulation
loaded at 5mm/min at -60 * C.
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Figure 3-64: (a) Fracture surface of 1.9mm radius notched specimen at 5mm/min at
-60 C. (b) Axial schematic of fracture.
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Figure 3-65: Fracture surface of 1.9mm
-60 C.
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Figure 3-66: Simulated and experimental load-displacement curves of 1.9mm notched
PC loaded at 5mm/min at 100 'C.
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Figure 3-67: Contours of negative pressure for 1.9mm notched simulation loaded at
5mm/min at 100 *C .
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Figure 3-68: Contours of maximum principal stress for 1.9mm notched simulation
loaded at 5mm/min at 100 C.
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Figure 3-69: Contours of strain in the axial direction for 1.9mm notched simulation
loaded at 5mm/min at 100'"C.
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Figure 3-70: (a) Fracture surface of 1.9mm radius notched specimen at 5mm/min at
100 C. (b) Axial schematic of fracture.
The fracture surfaces for un-notched PC specimen at 5mm/min at 100 C are
shown in Figures 3-70 and 3-71. These failures also initiate internally. The initiation
in this case however is not as straightforward as that shown for the -60 ' C case above.
These surfaces also show a small lip around the circumference of the fracture surface.
The brittle failure of this specimen at 100 C implies that lower values of negative
pressure can cause brittle failure at elevated temperatures.
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Figure 3-71: Fracture surface of 1.9mm radius notched specimen at 5mm/min at
100' C.
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Figure 3-72: Load-displacement of 1.27mm radius notched PC at various rates.
3.4 1.27mm Radius Notched PC in Uniaxial Ten-
sion
The load-displacement results of the 1.27mm radius notched tension tests at various
rates are shown in Figure 3-72. This specimens exhibit an initially elastic response
followed by yield, and a small load drop prior to failure. Similar to the case of the
1.9mm radius notch, there is very little strain rate dependence for the load at yield.
The slowest rate actually achieves the highest load before failure.
The simulated load-displacement, as well as the experimental data for the 1.27mm
radius notched test at a displacement rate of 5mm/min, is shown in Figure 3-73. At
the prescribed displacement there is excellent agreement between the simulation and
the experimental data.
Contours of the negative pressure for each stage in the loading are shown in Figure
3-74. Just prior to yield the peak value of the negative pressure is located at points
in the interior of the specimen immediately inside the notches. As the deformation
continues, the peak value of the negative pressure increases and becomes localized in
the center of the specimen. Finally, the peak value is more localized in the center of
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Figure 3-73: Simulated and experimental load-displacement curves of 1.27mm
notched PC loaded at 5mm/min at room temperature.
the specimen and reaches a value of almost 80 MPa. This implies a brittle failure
criteria of 80 MPa for the negative pressure at room temperature.
Contours for the maximum principal stress in this loading case are shown in Figure
3-75. Similar to the sequence of events seen in the contours of negative pressure, the
peak value of the maximum principal stress starts at two points interior to the notches
then becomes more and more localized in the center of the specimen. At failure the
maximum principal stress has a peak value of 125 MPa.
Contours of the strain in the axial direction for this case are shown in the figure
3-76. The maximum value of the strain is located at the notch and continues to
increase, yet stay localized at the notch.
The fracture surfaces for this loading case are shown in Figures 3-77 and 3-78.
These surfaces show an internally initiated fracture. Both surfaces have a crater-
like appearance and have a small lip of plastically stretched material around the
circumference of the surface.
The load-displacement curves for the simulated and experimental tests of the
1.27mm radius notched specimen at 50mm/min at room temperature are shown in
3-79. The simulation predicts the behavior shown in the experiment very well.
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Figure 3-74: Contours of negative pressure for 1.27mm notched simulation loaded at
5mm/min at room temperature.
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Figure 3-75: Contours of maximum principal stress for 1.27mm notched simulation
loaded at 5mm/min at room temperature.
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Figure 3-76: Contours of strain in the axial direction for 1.27mm notched simulation
loaded at 5mm/min at room temperature.
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Figure 3-77: (a) Fracture surface of 1.27mm radius notched specimen at 5mm/min
at room temperature. (b) Axial schematic of fracture.
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Figure 3-78: Fracture surface of 1.27mm radius notched specimen at 5mm/min at
room temperature.
o 0.5 1 1.5 2
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Figure 3-79: Simulated and experimental load-displacement curves of 1.27mm
notched PC loaded at 50mm/min at room temperature.
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The negative pressure contours for this loading case are shown in Figure 3-80.
The stages of loading shown in these contours are slightly different from those above,
but the general behavior is the same. Just prior to failure, there is a localization of
the peak value of the negative pressure in the center of the specimen.
The contours for the maximum principal stress are shown in Figure 3-81. Like
the contours shown for the 5mm/min loading case, the peak value of the maximum
principal stress localizes in the center of the specimen as deformation continues. Con-
tours for the strain in the axial direction are shown in Figure 3-82. The sequence of
events shown here are very similar to those of the 5mm/min case.
The fracture surfaces for 1.27mm radius notched specimen at 50mm/min at room
temperature are shown in Figures 3-83 and 3-84. These fracture surfaces are very
similar to those seen above in the 5mm/min case.
The load-displacement curves for the simulated and experimental tests for the
1.27mm radius notched specimen at 500mm/min at room temperature are shown in
3-85. Like the previous two loading cases for this notch radius, there seems to be a
small post yield load drop just prior to fracture. There is excellent agreement between
the simulation and the experimental data in this case.
Negative pressure contours for the 500mm/min loading case are shown in Figure
3-86. Like the 5 and 50mm/min cases the localization of the peak value of the negative
pressure moves from the notch to the center of the specimen.
The contours for the maximum principal stress are shown in Figures 3-87 and 3-88
respectively. The sequence of events for this loading case are very similar to the ones
seen above.
The fracture surfaces for 1.27mm radius notched PC specimen at 500mm/min at
room temperature are shown in Figures 3-89 and 3-90. These fracture surfaces show
the same internally initiated failure as previously seen, but also have markings of fast
crack growth.
Load-displacement curves for 1.27mm radius notched PC tested at 5mm/min at
various temperatures are shown in Figure 3-91. As seen in both the 1.9mm radius
notched case and the un-notched case, there is a dependence of the load at yield on
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Figure 3-80: Contours of negative pressure for 1.27mm notched simulation loaded at
50mm/min at room temperature.
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Figure 3-81: Contours of maximum principal stress for 1.27mm notched simulation
loaded at 50mm/min at room temperature.
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Figure 3-82: Contours of strain in the axial direction for 1.27mm notched simulation
loaded at 50mm/min at room temperature.
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Figure 3-83: (a) Fracture surface of 1.27mm radius notched specimen at 50mm/min
at room temperature. (b) Axial schematic of fracture.
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Figure 3-84: Fracture surface of 1.27mm radius notched specimen at 50mm/min at
room temperature.
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Figure 3-85: Simulated and experimental load-displacement curves of 1.27mm
notched PC loaded at 500mm/min at room temperature.
the temperature. In all cases shown here, failure occurs soon after yield.
Simulated and experimental load-displacement curves for this geometry tested
at -60 C are shown in figure 3-92. The simulation for this -60 C case is in good
agreement with the experimental data.
Contours of negative pressure for the simulation at -60 C are shown in Figure
3-93. The peak values of the negative press are considerably higher than those seen
in the room temperature simulations. The peak value of the negative pressure at
failure is 110 MPa and implies that is the brittle failure criteria at this temperature.
This value is most likely lower than the actual value due to discrepancies between the
simulation and the experimental data.
The contours for the maximum principal stress are shown in Figure 3-94. Contours
for the strain in the axial direction are shown in Figure 3-95.
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Figure 3-86: Contours of negative pressure for 1.27mm notched simulation loaded at
500mm/min at room temperature.
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Figure 3-87: Contours of maximum principal stress for 1.27mm notched simulation
loaded at 500mm/min at room temperature.
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Figure 3-88: Contours of strain in the axial direction for 1.27mm notched simulation
loaded at 500mm/min at room temperature.
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Figure 3-89: (a) Fracture surface of 1.27mm radius notched
at room temperature. (b) Axial schematic of fracture.
(b)
specimen at 500mm/min
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Figure 3-90: Fracture surface of 1.27mm radius notched specimen at 500mm/min at
room temperature.
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Figure 3-91: Load-displacement of 1.27mm radius notched PC at 5mm/min at various
temperatures.
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Figure 3-92: Simulated and experimental load-displacement curves of 1.27mm
notched PC loaded at 5mm/min at -60 C.
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Figure 3-94: Contours of maximum principal stress for 1.27mm notched simulation
loaded at 5mm/min at -60 C.
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Figure 3-95: Contours of strain in the axial direction for 1.27mm notched simulation
loaded at 5mm/min at -60 0 C.
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Figure 3-96: (a) Fracture surface of 1.27mm radius notched specimen at 5mm/min
at -60 C. (b) Axial schematic of fracture.
The fracture surfaces for the 1.27mm radius notched specimen tested at 5mm/min
at -60 C are shown in Figures 3-96 and 3-97. These fracture surfaces show a crescent
shaped internal initiation site and fast crack propagation indicative of brittle fracture.
The load-displacement curves for the simulated and experimental tests at 5mm/min
at 100 C are shown in 3-98. The simulation predicts a load slightly lower than that
seen in the experimental data at the prescribed displacement.
Contours of the negative pressure (figure 3-99), maximum principal stress (figure
3-100), and strain in the axial direction (figure 3-101) are shown below. The sequence
of events for this simulation are similar to those seen in the 1.9mm radius notched
case tested at 100 * C. The peak value of 61 MPa for the negative pressure at failure
is in agreement with the brittle fracture criteria put forth earlier.
The fracture surfaces for 1.27mm radius notched PC specimen tested at 5mm/min
at 100 ' C are shown in Figures 3-102 and 3-103. These failures also initiate internally.
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Figure 3-97: Fracture surface of 1.27mm radius notched specimen at 5mm/min at
-60 C.
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Figure 3-98: Simulated and experimental load-displacement curves of 1.27mm
notched PC loaded at 5mm/min at 100 C.
These surfaces are very similar to those for the fracture of the 1.9mm radius notch at
the same temperature. The glassy area in the center of the surface is larger in this
case than for the 1.9mm radius notched case shown there in figures 3-70 and 3-71.
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Figure 3-99: Contours of negative pressure for 1.27mm notched simulation loaded at
5mm/min at 100 *C .
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Figure 3-100: Contours of maximum principal stress for 1.27mm notched simulation
loaded at 5mm/min at 100 C.
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Figure 3-101: Contours of strain in the axial direction
loaded at 5mm/min at 100 C.
for 1.27mm notched simulation
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Figure 3-102: (a) Fracture surface of
at 100 C. (b) Axial schematic of frac
(b)
1.27mm radius notched specimen at 5mm/min
ture.
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Figure 3-103: Fracture surface of 1.27mm radius notched specimen at 5mm/min at
100 0C.
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Figure 3-104: Load-displacement of 0.76mm radius notched PC at various rates at
room temperature.
3.5 0.76mm Radius Notched PC in Uniaxial Ten-
sion
Finally, a more severe notch of 0.76mm radius was tested. The results for tests with
this geometry at various displacement rates at room temperature are shown in Figure
3-104. As in both the 1.9 and 1.27mm radius cases, there is little dependence of the
load-displacement curves on strain rate. All cases fail prior to yield.
The experimental and simulated load-displacement curves for 0.76mm radius
notched PC tested at 5mm/min at room temperature are shown in Figure 3-105.
There is excellent agreement between the simulation and the experimental data in
this case. The simulated curve is shown beyond the point of failure to show what
would be continued behavior. The "X" contour is taken at the point shown in the
figure.
Negative pressure contours for this loading case are shown in Figure 3-106. The
sequence of events for this simulated case are similar to the initial stages of the
1.27mm radius notched case. The peak value of the negative pressure moves inward
from the notch. At the last stage shown, the peak value of the negative pressure is
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Figure 3-105: Simulated and experimental load-displacement curves of 0.76mm
notched PC loaded at 5mm/min at room temperature.
located just inside the notch. The peak value of the negative pressure at failure is
71 MPa. This is close to the value seen at failure for the 1.27mm case tested at the
same rate.
Like the case of the 1.27mm radius notch, the maximum principal stress follows
the same pattern as the negative pressure. This is seen in the maximum principal
stress contours shown in Figure 3-107.
Contours of the strain in the axial direction for this case are shown in the figure
3-108. The maximum value of strain is small and localized in the notch area.
The fracture surfaces for this loading case are shown in Figures 3-109 and 3-
110. These surfaces show an internally initiated fracture. There is a crescent-shaped
initiation point similar to that seen in Figures 3-96 and 3-97.
The simulated and experimental load-displacement curves for the 0.76mm radius
notch geometry tested at room temperature at 50mm/min are shown in Figure 3-111.
The negative pressure contours for this loading case are shown in Figure 3-112.
The sequence of events for this loading case are very similar to that seen in the
5mm/min case. The peak value of the negative pressure for this loading case is 71
MPa, this value is also close to the value seen at failure in the 1.27mm notched case.
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Figure 3-106: Contours of negative pressure for 0.76mm
at 5mm/min at room temperature.
notched simulation loaded
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Figure 3-107: Contours of maximum principal stress for 0.76mm notched simulation
loaded at 5mm/min at room temperature.
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Figure 3-108: Contours of strain in the axial direction for 0.76mm notched simulation
loaded at 5mm/min at room temperature.
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(a)
Figure 3-109: (a) Fracture surface of 0.76mm radius notched
at room temperature. (b) Axial schematic of fracture.
specimen at 5mm/min
,Failure Initiation
Figure 3-110: Fracture surface of 0.76mm radius notched specimen at 5mm/min at
room temperature.
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Figure 3-111: Simulated and experimental load-displacement curves of 0.76mm
notched PC loaded at 50mm/min at room temperature.
The contours for the maximum principal stress are shown in Figure 3-113. Con-
tours for the strain in the axial direction are shown in Figure 3-114. The sequence
of events shown here are very similar to those of the 5mm/min case. However, the
value of the maximum strain is slightly lower at each stage of the simulation.
The fracture surfaces for 0.76mm radius notched specimen at 50mm/min at room
temperature are shown in Figures 3-115 and 3-116. These fracture surfaces are very
similar to those seen above in the 5mm/min case. The crescent shaped initiation site
in this case is noticeably smaller than that of the 5mm/min case.
The load-displacement curves for the simulated and experimental tests for the
0.76mm radius notched specimen at 500mm/min at room temperature are shown in
3-117. Like the previous two loading cases, there is good agreement between the
simulation and the experimental data at the prescribed displacement.
Negative pressure contours for the 500mm/min loading case are shown in Figure
3-118. The sequence of events in this simulation are very similar to the previous two
loading cases. The peak value of the negative pressure at failure was 71 MPa.
The contours for the maximum principal stress and strain in the axial direction are
shown in Figures 3-119 and 3-120 respectively. The contours for both the maximum
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Figure 3-112: Contours of negative pressure for 0.76mm notched simulation loaded
at 50mm/min at room temperature.
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Figure 3-113: Contours of maximum principal stress for 0.76mm notched simulation
loaded at 50mm/min at room temperature.
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Figure 3-114: Contours of strain in the axial direction for 0.76mm notched simulation
loaded at 50mm/min at room temperature.
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Figure 3-115: (a) Fracture surface of 0.76mm radius notched specimen at 50mm/min
at room temperature. (b) Axial schematic of fracture.
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Figure 3-116: Fracture surface of 0.76mm radius notched specimen at 50mm/min at
room temperature.
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Figure 3-117: Simulated and experimental load-displacement curves of 0.76mm
notched PC loaded at 500mm/min at room temperature.
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Figure 3-118: Contours of negative pressure for 0.76mm notched simulation loaded
at 500mm/min at room temperature.
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principal stress and the strain in the axial direction are similar to the 5 and 50mm/min
cases.
The fracture surfaces for this loading case are shown in Figures 3-121 and 3-122.
These fracture surfaces show the same internally initiated failure as previously seen,
but have a smaller crescent shaped initiation point than either of the previous two
cases.
Load-displacement curves for 0.76mm radius notched PC tested at 5mm/min at
various temperatures are shown in Figure 3-123. As was seen for the previous three
geometries, there is a pronounced temperature dependence of the material behavior.
For this loading case, the experimental data is predicted extremely well by the
simulation, as shown in Figure 3-124.
Contours of the simulation at -60 C are shown in Figure 3-125. Although this
simulation is taken to a further displacement than the previous three cases, the pat-
terns of the negative pressure are very similar to those seen at room temperature.
The peak value of negative pressure at failure at this temperature was 97 MPa, this
is close to the critical value implied by the 1.27mm notched sample tested at -60 * C.
The contours for the maximum principal stress are shown in Figure 3-126. Con-
tours for the strain in the axial direction are shown in Figure 3-127.
The fracture surfaces for the 0.76mm radius notched specimen tested at 5mm/min
at -60 C are shown in Figures 3-128 and 3-129. These fracture surfaces show the
same crescent shaped initiation surface, but in this case it is smaller than the three
previously seen.
The load-displacement curves for the simulated and experimental tests at 5mm/min
at 100 C are shown in 3-130. The simulation in this case predicts the experimental
data extremely well.
Contours of the negative pressure (figure 3-131), maximum principal stress (figure
3-132), and strain in the axial direction (figure 3-133) are shown below.
The fracture surfaces for un-notched PC specimen at 5mm/min at 100 C are
shown in Figures 3-134 and 3-135. These fracture surfaces are very similar to those
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Figure 3-119: Contours of maximum principal stress for 0.76mm notched simulation
loaded at 500mm/min at room temperature.
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Figure 3-120: Contours of strain in the axial direction
loaded at 500mm/min at room temperature.
for 0.76mm notched simulation
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Figure 3-121: (a) Fracture surface of 0.76mm radius notched specimen at 500mm/min
at room temperature. (b) Axial schematic of fracture.
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Figure 3-122: Fracture surface of 0.76mm radius notched specimen at 500mm/min at
room temperature.
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Figure 3-123: Load-displacement of 0.76mm radius
ious temperatures.
notched PC at 5mm/min at var-
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Figure 3-124: Load Displacement of 0.76mm Radius Notched Specimen at 5mm/min
at -60 C.
seen in the 100 C cases for both the 1.9mm and 1.27mm radius notch tests.
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Figure 3-125: Contours of negative pressure for 0.76mm notched simulation loaded
at 5mm/min at -60 'C .
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Figure 3-126: Contours of maximum principal stress for 0.76mm notched simulation
loaded at 5mm/min at -60 C.
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Figure 3-127: Contours of strain in the axial direction for 0.76mm notched simulation
loaded at 5mm/min at -60 0 C.
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Figure 3-128: (a) Fracture surface of 0.76mm radius notched
at -60 C. (b) Axial schematic of fracture.
specimen at 5mm/min
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Figure 3-129: Fracture surface of 0.76mm radius notched specimen at 5mm/min at
-60 C.
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Figure 3-130: Simulated and experimental load-displacement curves of 0.76mm
notched PC loaded at 5mm/min at 100 C.
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Figure 3-131: Contours of negative pressure for 0.76mm notched simulation loaded
at 5mm/min at 100 C .
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Figure 3-132: Contours of maximum principal stress for 0.76mm notched simulation
loaded at 5mm/min at 100 C.
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Figure 3-133: Contours of strain in the axial direction for 0.76mm notched simulation
loaded at 5mm/min at 100 " C.
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Figure 3-134: (a) Fracture surface of 0.76mm radius notched specimen at 5mm/min
at 100' C. (b) Axial schematic of fracture.
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Figure 3-135: Fracture surface of 0.76mm radius notched
100 C.
specimen at 5mm/min at
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3.6 Summary
3.6.1 Experimental Results
This chapter detailed the mechanical behavior of polycarbonate homopolymer during
deformation and failure. In particular the effects of strain rate, temperature, and
notch stress triaxiality. The results are summarized below:
e Uniaxial stress-strain behavior was observed to depend on both temperature
and strain rate. Uniaxial stress-strain behavior exhibits an initial elastic response,
followed by yield, strain softening, and strain hardening at large strains. The yield
stress of the material was shown to decrease with increasing temperature. The yield
stress of the material was shown to increase with increasing strain rate. The amount
of strain softening was found to be independent of both temperature and strain rate
for the ranges tested. The amount of strain hardening was found to be independent
of strain rate, but did decrease with increasing temperature.
* Uniaxial tension behavior was also found to depend on both temperature and
displacement rate. PC tested in uniaxial tension exhibits an initially elastic response.
This is followed by macroscopic yielding and a load drop. There is then a constant
load with continued displacement as the neck propagates. At large displacements,
when the neck has propagated the entire length of the specimen, the load increases
as the neck propagates to the larger area cross-sections at the end of the constant
diameter portion of the length. This is followed by failure. The load drop is shown
to be independent of both temperature and strain rate. All fractures are surface
initiated with fracture surfaces which show a flat topology.
* 1.9mm radius notched specimens were tested in tension. The load at yield
for these specimens was found to be independent of strain rate, but was dependent
on temperature. All tests conducted on these specimens showed an initially elastic
behavior followed by yield. For test conducted at 100 C, yield was followed by
failure. For all other tests, yield was followed by a load drop, and then an increase
in load with displacement as the deformation axially propagated to larger area cross-
sections of the specimen away form the net section. Displacement to failure was
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found to be dependent on strain rate, with tests conducted at higher rates showing
less displacement. Fractures of tests conducted at room temperature were found to
be surface initiated, and had fracture surfaces that resembled those of the un-notched
tests. Fractures of both the -60 C and 100 C tests were internally initiated and had
crater-like appearances.
9 1.27mm radius notched specimens were tested in tension. These specimens
exhibited an initially elastic behavior followed by yield and failure during the load
drop. The load at yield was found to be independent of strain rate, but was found
to be dependent on temperature. All fractures of 1.27mm radius notched specimens
were internally initiated.
e 0.76mm radius notched specimens were tested in tension. The load at failure
was found to be independent of strain rate, but was shown to be dependent on
temperature. All failures occurred before the material reached the yield point. All
failures were found to be internally initiated.
3.6.2 Numerical Simulations
Numerical simulations of experiments were performed using the Arruda-Boyce con-
stitutive model for glassy polymers together with the finite element method. Results
are summarized below:
* Numerical simulations of compression tests captured both temperature and
strain rate dependence of yield. Both strain softening and the subsequent hardening
at large strains were captured well for room temperature simulations. For simulations
conducted at higher temperatures, there was a divergence between the simulation and
the experimental data. This was due to increased entanglement slippage at higher
temperatures which was not included in the model.
* Numerical simulations of un-notched tension tests showed excellent agreement
between the experimental results and the simulations for tests conducted at room
temperature. These simulations captured both the strain rate and temperature de-
pendence of experimental results well. The initial elastic behavior, as well as the load
drop and gradually increasing load at large displacements were all captured well by
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the simulations. The simulation of the test conducted at 100 C showed the same
divergence at large displacement seen in the compression test at the same tempera-
ture. The simulations showed large amounts of axial strain and maximum principal
stress at the outer surface of the specimen at the prescribed displacement of failure.
Contours of negative pressure just prior to plastic deformation showed values that
were not high enough to cause a brittle failure. The contours of strain in the axial
direction imply that there is a critical strain of around 0.65 at which all specimens
failed.
9 The numerical simulations captured the behavior of the notched tension tests
well. These simulations also captured the temperature dependence of the experimen-
tal results. These simulations showed the initially elastic behavior, yield, load drop,
and increased load as the deformation propagated to the larger area cross-sections
of the 1.9mm radius notched specimens. For the 1.9mm radius notched specimens
tested at room temperature the simulations showed the large values of axial strain and
maximum principal stress at the outer edges of the notched region of the specimen.
These contours were similar to those seen for the un-notched specimens. The critical
value of axial strain seen to cause failure in the un-notched simulations was also seen
in these simulations as well as the simulation of the -60 0 C test. For the more se-
vere notched specimens (1.27mm and 0.76mm radius notched), and the 1.9mm radius
notched specimen tested at 100 C, the numerical simulations showed large values of
negative pressure that were coincident with the internal fracture initiation sites seen
on the fracture surfaces. The values of negative pressure for the tests conducted at
100 C were lower than those of the room temperature notched tension tests, but
failed from brittle internally initiated fracture. Values of negative pressure for tests
conducted at -60 * C had higher values of negative pressure than those conducted
at room temperature, and also failed from brittle internally initiated fracture. This
implies that the critical negative pressure for brittle fracture value is temperature de-
pendent. Figure 3-136 shows the negative pressure values at failure for the different
notch geometries. We note that the precise displacement at which the simulations
were halted for these brittle fractures was not exact. Therefore, there is remarkable
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Figure 3-136: Critical negative pressure for brittle failure of samples tested at
5mm/min at various temperatures .
consistency in the values of negative pressure resulting in brittle failure for the dif-
ferent notch cases at each temperature. This suggests that a temperature dependent
critical negative pressure is a good indicator of brittle failure.
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Chapter 4
Rubber Modified Polycarbonate
This chapter details the results of uniaxial compression and tension of polycarbonate
modified with various volume fractions of rubber particles. Uniaxial tension tests
are conducted at both 5 and 500mm/min at room temperature, and at 5mm/min at
-60 C. Three notched geometries are also tested at both 5 and 500mm/min at room
temperature, and at 5mm/min at -60 C. A summary of the results is given at the
end of the chapter.
4.1 Uniaxial Compression
Compression tests for both un-modified and rubber-modified PC are shown in Figure
4-1. These tests were performed at room temperature at a strain rate of 0.01/s. Both
the un-modified and rubber-toughened materials have an initial elastic response. The
elastic modulus decreases as rubber volume fraction increases. This initial elastic
response is followed by yield. Values for the yield stress and elastic modulus for each
rubber volume fraction are shown in Table 4.1. There is a 45% decrease in the yield
stress and a 55% decrease in the elastic modulus for the 30% rubber volume fraction
material when compared to that of the un-filled PC. In the case of the un-modified
polycarbonate yield is immediately followed by noticeable strain softening and then
by strain hardening at large strains. The amount of strain softening decreases with
increasing rubber content. The strain softening for the 30% rubber volume fraction
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4.2 Uniaxial Tension
Un-notched uniaxial tension tests were conducted at 5mm/min at room temperature
on both un-modified and rubber-modified PC. The results for the load-displacement
behavior of these tests are shown in Figure 4-2. Similar to the uniaxial compression
tests these specimens showed initial elastic behavior followed by yield. The values of
the elastic modulus and yield stress are shown in Table 4.2. All cases were observed
to experience necking and stable neck propagation. These values were obtained by
normalizing the load and displacement by the initial cross-sectional area and exten-
someter gauge length respectively to get engineering stress and strain. The values for
the elastic moduli are higher than would be expected when compared to the values
seen in compression, but are self consistent. As expected, both the yield stress and
elastic modulus decrease with increasing rubber volume fraction. The value of the
yield stress for the 30% rubber volume fraction composition is 50% less than that
of the un-modified material. There is a 43% decrease in the elastic modulus for the
30% rubber volume fraction as compared to the un-modified material. After yield the
load-displacement curve exhibits a load drop. This load drop decreases with increas-
ing rubber volume fraction. For the un-modified case this load drop is almost 30%,
while for the case of the 30% filled PC, it is slightly larger than 5%. The load then
maintains a constant value as the neck propagates. In all cases except that of the
30% percent filled, there is a load increase at large displacements, this is due to the
propagation of the neck into the larger area regions at the end of the gauge length.
All tests conducted at this rate at room temperature had surface initiated failures.
Un-notched uniaxial tension tests were also performed at 500mm/min at room
temperature on both the un-modified and rubber-modified polycarbonate. The load-
displacement curves for these tests are shown in Figure 4-3. Like the tests performed
at 5mm/min, tests performed at this displacement rate showed an initial elastic re-
sponse, followed by yield. Elastic modulus and yield stress values obtained in the
same manner as above are shown in Table 4.3. As expected there is a decrease in
yield stress and elastic modulus with increasing rubber volume fraction. There is
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Figure 4-1: Compression tests at 0.01/s at
fractions.
Table 4.1: Elastic moduli and yield stress as
uniaxial compression at a strain rate of 0.01
room temperature with various rubber
a function of rubber volume fraction for
/s at room temperature.
Rubber Volume Fraction (%) Yield Stress (MPa) Elastic Modulus (MPa)
Un-modified 77.04 2227
5 70.27 1766
10 65.31 1550
20 52.66 1206
30 41.70 1004
case is barely noticeable, while there is a stress decrease of 22% for the un-filled
polycarbonate. As rubber volume fraction increases, the strain hardening slope at
large stains decreases.
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Figure 4-2: 5.08mm diameter un-notched tension tests
ature with various rubber fractions.
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at 5mm/min at room temper-
Table 4.2: Elastic moduli and yield stress as a function of rubber volume fraction for
uniaxial tension of un-notched specimens at 5mm/min at room temperature.
Rubber Volume Fraction (%) Yield Stress (MPa) Elastic Modulus (MPa)
Un-modified 71.1 2296
5 63.8 2054
10 63.3 1928
20 47.3 1474
30 36.8 1065
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Figure 4-3: 5.08mm diameter un-notched tension tests at 500mm/min at room tem-
perature with various rubber fractions.
a 55% decrease in the value of the yield stress for the 30% rubber volume fraction
composition as compared to the value of un-modified material. The elastic modulus
decreases by 43% for the 30% rubber volume fraction material, as compared to the
un-modified PC. After yield, a load drop occurs coinciding with the initiation of a
neck. The values of the load drop for this displacement rate range from 25% for
the un-modified material to barely noticeable for the 30% rubber filled composition.
The load drop is followed by a constant load as the neck propagates, then fracture.
Fractures surfaces for the un-modified material can be seen in Figures 3-25 and 3-26.
Fracture surfaces and schematics for the 10% rubber volume fraction composition
tested at this rate are shown in Figures 4-4 and 4-5. Fracture surfaces and schematics
for the 20% rubber volume fraction composition tested at this rate are shown in Fig-
ures 4-6 and 4-7. These fracture surfaces are representative of all toughened material
tested at the rate and temperature.
Un-notched tension tests for un-filled and rubber-filled polycarbonate were per-
formed at 5mm/min at -60 C. The load-displacement curves for these tests are shown
in Figure 4-8. Like the case performed at room temperature, all cases begin with an
initial elastic response which is followed by yield. Values for the yield stress and
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Table 4.3: Elastic moduli and yield stress as a function of rubber volume fraction for
uniaxial tension of un-notched specimens at 500mm/min at room temperature.
Rubber Volume Fraction (%) Yield Stress (MPa) Elastic Modulus (MPa)
Un-modified 83.0 2254
5 68.0 2055
10 67.3 1929
20 53.2 1628
30 38.0 1277
(a) (b)
Figure 4-4: (a) Fracture surface of un-notched 10% rubber modified polycarbonate
at 500mm/min at room temperature. (b) Axial schematic of fracture.
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Figure 4-5: Fracture surface of un-notched 10% rubber modified polycarbonate at
500mm/min at room temperature
elastic modulus for tests conducted at this temperature are shown in Table 4.4. Like
the tests conducted at room temperature, there is a decrease in both the yield stress
and the elastic modulus with increasing rubber volume fraction. There was a 30%
decrease in the yield stress for the 30% rubber filled composition as compared to the
un-modified material. There was also a 34% decrease in the elastic modulus for the
30% rubber filled composition as compared to the un-modified material. A load drop
immediately follows yield. Like the tests conducted at room temperature, this load
drop decreases with increasing rubber volume fraction. The load drop for the 30%
rubber filled composition was 15%, while the load drop for the un-modified material
was 20%. This load drop is followed by a constant load as the neck propagates. The
material then fails. Fractures for all compositions tested at this temperature were sur-
face initiated. Fracture surfaces for the un-modified material are shown in Figures
3-32 and 3-33. Fracture surfaces for the 5% rubber volume fraction test are shown
in Figures 4-9 and 4-10, and are representative for all un-notched tests conducted
at this temperature with the exception of the 20% rubber volume fraction shown in
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(a) (b)
Figure 4-6: (a) Fracture surface of un-notched 20% rubber modified polycarbonate
at 500mm/min at room temperature. (b) Axial schematic of fracture.
Figure 4-7: Fracture surface of un-notched
500mm/min at room temperature
20% rubber modified polycarbonate at
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Figure 4-8: 5.08mm diameter un-notched tension tests
Various Rubber Fractions.
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at 5mm/min at -60 C with
Table 4.4: Elastic moduli and yield stress as a function of rubber volume fraction for
uniaxial tension of un-notched specimens at 5mm/min at -60 * C.
Rubber Volume Fraction (%) Yield Stress (MPa) Elastic Modulus (MPa)
Un-modified 98.9 2297
5 92.4 1945
10 89.6 1860
20 81.6 1737
30 69.6 1521
Figures 4-11 and 4-12.
173
Un-filled
5%
-10%
20% 30%
2S,
2
5
(a)
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Figure 4-10: Fracture surface of un-notched 5% rubber modified polycarbonate at
5mm/min at -60 C
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(a) (b)
Figure 4-11: (a) Fracture surface of un-notched 20% rubber modified polycarbonate
at 5mm/min at -60 C. (b) Axial schematic of fracture.
Figure 4-12: Fracture surface of un-notched 20% rubber modified polycarbonate at
5mm/min at -60 C
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Figure 4-13: 1.9mm radius notched tension tests at 5mm/min at room temperature
with various rubber fractions.
4.3 Notched Tension
4.3.1 1.9mm Notch Radius
Tests were conducted at room temperature on 1.9mm notch radius specimens at
5mm/min; load-displacement curves for these tests are shown in Figure 4-13. As
seen in the un-notched tests, these specimens exhibit an initial elastic response. This
is followed by yield. As seen in the un-notched cases there is a decreasing initial
elastic stiffness and a decreasing load at yield with increasing rubber volume fraction.
The load at yield decreases from 1.05kN for the un-modified case, to 0.45kN for the
30% rubber filled case. There is also decrease in load after yield with increasing
rubber volume fraction. The load drop is followed by an increase in load as the neck
propagates to the larger area sections away from the net section of the specimen.
This is followed by fracture. All compositions tested at this rate had surface initiated
failures. Fracture surfaces for the test conducted on the un-modified PC at this
rate and temperature are shown in Figures 3-64 and 3-65. Fracture surfaces for the
30% rubber volume fraction material are shown in Figures 4-14 and 4-15, and are
representative of all rubber-modified materials tested at this rate.
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(a) (b)
Figure 4-14: (a) Fracture surface of 1.9mm radius notched 30% rubber modified
polycarbonate at 5mm/min at room temperature. (b) Axial schematic of fracture.
Figure 4-15: Fracture surface of 1.9mm radius notched 30% rubber modified polycar-
bonate at 5mm/min at room temperature
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Figure 4-16: 1.9mm radius notched tension tests at 500mm/min at room temperature
with various rubber fractions.
Load-displacement curves for tests conducted on the 1.9mm notch radius geom-
etry at 500mm/min at room temperature are shown in Figure 4-16. Like the tests
conducted at 5mm/min, these results show an initial elastic response. This is fol-
lowed by yield and then a load drop. However a load drop is not seen for the 30%
rubber-modified case. The load at yield decreases from 1.07kN for the un-modified
material to 0.5kN for the 30% filled material. As seen in all previous results, elastic
modulus, load at yield, and the load drop all decrease with increasing rubber volume
fraction. As seen in the tests conducted at 5mm/min, there is a load increase as the
neck propagates into the larger area cross-sections away from the net section. This
is followed by fracture. All rubber-modified specimens had larger displacement to
failure than that seen in the un-modified case. Fractures for this geometry at this
rate at room temperature were all surface initiated. Fracture surfaces for the un-filled
material can be seen in Figures 3-57 and 3-58. Fracture surfaces for the 5% and 20%
rubber volume fraction specimens are shown in Figures 4-17 and 4-18 and Figures
4-19 and 4-20 respectively.
Tests were conducted on 1.9mm radius notched specimens at a displacement rate
of 5mm/min at -60 * C. Load-displacement curves for these tests are shown in Figure
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(a) (b)
Figure 4-17: (a) Fracture surface of 1.9mm radius notched 5% rubber modified poly-
carbonate at 500mm/min at room temperature (b) Axial schematic of fracture.
Figure 4-18: Fracture surface of 1.9mm radius notched 5% rubber modified polycar-
bonate at 500mm/min at room temperature
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(a)
Figure 4-19: (a) Fracture surface of 1.9mm radius
polycarbonate at 500mm/min at room temperature.
(b)
notched 20% rubber modified
(b) Axial schematic of fracture.
Figure 4-20: Fracture surface of 1.9mm radius notched 20% rubber modified polycar-
bonate at 500mm/min at room temperature
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Figure 4-21: 1.9mm Radius Notched Tension Tests at 5mm/min at -60 C with Var-
ious Rubber Fractions.
4-21. All compositions show an initial elastic response, followed by yield, and then a
load drop. The load at yield decreases from 1.44kN to 1.02kN for the un-modified and
30% rubber-filled specimens respectively. The load drop, where seen also decreases
with increasing rubber volume fraction. In the case of the un-modified material there
is a small load increase as the neck propagates to larger area sections away from the
net section. The 5% rubber-modified case fails during the load drop. All other cases
fail soon after the load stabilizes. With the exception of the 30% rubber-toughened
case, all compositions failed from internally initiated fractures. Fracture surfaces for
the un-modified material tested at this rate and temperature are shown in Figures
3-64 and 3-65. Fracture surfaces for the 5% (Figures 4-22 and 4-23), 10% (Figures
4-24 and 4-25), and 20% (Figures 4-26 and 4-27), show a decrease in the size of the
radial circular initiation site. The fracture surfaces for the 30% filled specimen are
shown in Figures 4-28 and 4-29, and show a surface initiated failure.
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Figure 4-22: (a) Fracture surface of 1.9mm radius notched 5% rubber
carbonate at 5mm/min at -60 C (b) Axial schematic of fracture.
modified poly-
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,Failure Initiation
Figure 4-23: Fracture surface of 1.9mm radius notched 5% rubber modified polycar-
bonate at 5mm/min at -60 C
Failure Initiation
(a) (b)
Figure 4-24: (a) Fracture surface of 1.9mm radius notched 10% rubber modified
polycarbonate at 5mm/min at -60 ' C. (b) Axial schematic of fracture.
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Figure 4-25: Fracture surface of 1.9mm radius notched 1
bonate at 5mm/min at -60 C
0% rubber modified polycar-
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(a) (b)
Figure 4-26: (a) Fracture surface of 1.9mm radius notched 20% rubber modified
polycarbonate at 5mm/min at -60 C. (b) Axial schematic of fracture.
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Figure 4-27: Fracture surface of 1.9mm radius notched 20% rubber modified polycar-
bonate at 5mm/min at -60' C
Failure Initiation
(a) (b)
Figure 4-28: (a) Fracture surface of 1.9mm radius notched 30% rubber modified
polycarbonate at 5mm/min at -60 C. (b) Axial schematic of fracture.
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Figure 4-29: Fracture surface of 1.9mm radius notched 30% rubber modified polycar-
bonate at 5mm/min at -60 ' C
187
1.2-
Un-filled
5% 20%
0.8- 10%
a. ' - -
00.6
0.4 30%
0.2
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Displacement(mm)
Figure 4-30: 1.27mm radius notched tension tests at 5mm/min at room temperature
with various rubber fractions.
4.3.2 1.27mm Notch Radius
1.27mm radius notched specimens containing various rubber volume fractions were
tested at 5mm/min at room temperature; load-displacement curves for these tests are
shown in Figure 4-30. Like all previous tests these specimens show an initial elastic
response, and yield. Yield is followed by a load drop. The un-modified specimen
fails immediately after yield. With the exception of the 30% rubber-filled specimen
all other compositions exhibit a load drop; the 30% volume fraction case exhibits a
monotonically increasing load with increase in displacement after yield. The load drop
decreases with increasing rubber volume fraction. There is an increase in load as the
neck propagates to larger area sections. All rubber-modified specimens failed from
surface initiated fracture. Fracture surfaces for the un-modified specimens can be seen
in Figures 3-77 and 3-78. Fracture surfaces for the 5% (Figures 4-31 and 4-32) and
20% (Figures 4-33 and 4-34) show surface initiated fractures and are representative
of the rubber-modified specimens tested at this rate.
Load-displacement curves for tests conducted at 500mm/min at room tempera-
ture are shown in Figure 4-35. Like tests conducted at 5mm/min, these specimens
show an initially elastic behavior. This is followed by yield. There is a decrease in
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(a) (b)
Figure 4-31: (a) Fracture surface of 1.27mm radius notched 5% rubber modified
polycarbonate at 5mm/min at room temperature. (b) Axial schematic of fracture.
Figure 4-32: Fracture surface of 1.27mm radius notched 5% rubber modified polycar-
bonate at 5mm/min at room temperature
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Figure 4-33: (a) Fracture surface of 1.27mm radius notched 20% rubber modified
polycarbonate at 5mm/min at room temperature. (b) Axial schematic of fracture.
Figure 4-34: Fracture surface of 1.27mm radius notched 20% rubber modified poly-
carbonate at 5mm/min at room temperature
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Figure 4-35: 1.27mm radius notched tension tests at 500mm/min at room tempera-
ture with various rubber fractions.
the load at yield with increasing rubber volume fraction. The un-modified specimen
fails immediately after yield. The 5% rubber-modified specimen shows a decrease in
load before failure. The 10%, 20%, and 30% specimens show continued displacement
before failure. Failure surfaces for the un-modified specimen (Figures 3-89 and 3-90)
and the 5% rubber-modified specimens (Figures 4-36 and 4-37) show internally initi-
ated failures. Fracture surfaces for the 10% rubber-modified specimen are shown in
Figures 4-38 and 4-39, and are representative for the 20% and 30% rubber-modified
composition tested at this rate as well.
The 1.27mm radius notched specimens containing various rubber volume fractions
were tested at 5mm/min at -60 C; the load-displacement curves for these tests are
shown in Figure 4-40. All specimens show an initial elastic response followed by yield
and then a load drop. There is a decrease in the load at yield as rubber volume
fraction increases. Both the un-modified and the 5% rubber-modified material fail
during the load drop. The 10%, 20%, and 30% specimens all show some displacement
after the load drop before failure. Failure surfaces for the un-modified PC specimen
are shown in Figures 3-96 and 3-97. The fracture surfaces for the 5% rubber modified
specimen tested at this temperature are shown in Figures 4-41 and 4-42. These
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(a) (b)
Figure 4-36: (a) Fracture surface of 1.27mm radius notched 5% rubber modified
polycarbonate at 500mm/min at room temperature. (b) Axial schematic of fracture.
192
/Failure Initiation
Figure 4-37: Fracture surface of 1.27mm radius notched 5% rubber modified polycar-
bonate at 500mm/min at room temperature.
(a) (b)
Figure 4-38: (a) Fracture surface of 1.27mm radius notched 10% rubber modified
polycarbonate at 500mm/min at room temperature. (b) Axial schematic of fracture.
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Figure 4-39: Fracture surface of 1.27mm radius notched 10% rubber modified poly-
carbonate at 500mm/min at room temperature
figures show a small internal initiation site in the middle of the specimen, this surface
is representative of both the 5% and 10% rubber filled specimens. Fracture surfaces
for the 20% rubber-modified specimens are shown in Figures 4-43 and 4-44. These
fracture surfaces show the beginning of a surface initiated fracture, as well as a small
circular internal initiation point near the edge of the specimen. Fracture surfaces for
the 30% rubber volume fraction specimen are shown in Figures 4-45 and 4-46. These
figures show an internal failure initiation site near the edge of the specimen.
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Figure 4-40: 1.27mm radius notched tension tests at 5mm/min at -60 C with various
rubber fractions.
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(a) (b)
Figure 4-41: (a) Fracture surface of 1.27mm radius notched 5% rubber modified
polycarbonate at 5mm/min at -60 C. (b) Axial schematic of fracture.
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Figure 4-42: Fracture surface of 1.27mm radius notched 5% rubber modified polycar-
bonate at 5mm/min at -60' C
Failure Initiation
(a) (b)
Figure 4-43: (a) Fracture surface of 1.27mm radius notched 20% rubber modified
polycarbonate at 5mm/min at -60 C. (b) Axial schematic of fracture.
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Figure 4-44: Fracture surface of 1.27mm radius notched 20% rubber modified poly-
carbonate at 5mm/min at -60 C
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(a) (b)
Figure 4-45: (a) Fracture surface of 1.27mm radius notched 30% rubber modified
polycarbonate at 5mm/min at -60 C. (b) Axial schematic of fracture.
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Figure 4-46: Fracture surface of 1.27mm radius notched 30% rubber modified poly-
carbonate at 5mm/min at -60 C
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Figure 4-47: 0.76mm radius notched tension tests at 5mm/min at room temperature
with various rubber fractions.
4.3.3 0.76mm Notch Radius
The load-displacement curves for 0.76mm radius notched specimens with various rub-
ber volume fraction tested at 5mm/min are shown in Figure 4-47. These specimens
all initially show elastic behavior. The un-modified PC specimen fails prior to yield-
ing. All rubber-modified PC specimens yield, and show a post yield load drop and
then stabilization. As seen in all the previous cases, both the load at yield, and the
amount of the load drop decreases with increasing rubber volume fraction. The load
drop for this geometry is not noticeable for rubber volume fractions higher than 10%.
All rubber-modified specimens show an increase in load as the deformation continues
to larger areas of the specimen away from the net section. This is followed by failure.
Fracture surfaces for the un-modified material are shown in Figures 3-109 and 3-110.
All rubber-modified compositions showed surface initiated failures. Fracture surfaces
for the 5% rubber-modified specimen are shown in Figures 4-48 and 4-49 and are
representative of all rubber-modified tests conducted at room temperature at this
rate.
Load-displacement curves for 0.76mm radius notched specimens containing var-
ious rubber volume fractions tested at 500mm/min are shown in Figure 4-50. Like
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(a) (b)
Figure 4-48: (a) Fracture surface of 0.76mm radius notched 5% rubber modified
polycarbonate at 5mm/min at room temperature. (b) Axial schematic of fracture.
Figure 4-49: Fracture surface of 0.76mm radius notched 5% rubber modified polycar-
bonate at 5mm/min at room temperature
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Figure 4-50: 0.76mm radius notched tension tests at 500mm/min at room tempera-
ture with various rubber fractions.
the specimens of this geometry tested at 5mm/min, these specimens initially exhibit
elastic behavior. In the case of the un-modified PC specimen, failure occurs before
the yield point. All rubber-modified specimens yield, the 5% rubber-modified spec-
imen fails after yield. All other rubber modified specimens show more displacement
to failure. There is a decrease in the load at yield with increasing rubber content,
as seen in all other tests. Fracture surfaces for the un-modified PC specimen tested
at this rate can be seen in Figures 3-121 and 3-122. Fracture surfaces for the 5%
rubber-modified material are shown in Figures 4-51 and 4-52; these figures show an
internally initiated fracture. Figures 4-53 and 4-54 show the fracture surfaces for
the 20% rubber-modified specimen tested at this rate; these fracture surfaces show a
surface initiated failure and are representative of all rubber-modified specimens with
the exception of the 5% composition.
The 0.76mm radius notched specimens were tested at 5mm/min at -60 * C; load-
displacement curves for these tests are shown in Figure 4-55. Like all previous tests,
these specimens all show an initial elastic behavior. The un-modified PC specimen
fails before yield. All rubber-modified specimens yield. The load at yield decreases
with increasing rubber volume content. Both the 5% and 10% rubber-filled specimens
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Figure 4-51: (a) Fracture surface of 0.76mm radius notched 5% rubber modified
polycarbonate at 500mm/min at room temperature. (b) Axial schematic of fracture.
,Failure Initiation
Figure 4-52: Fracture surface of 0.76mm radius notched 5% rubber modified polycar-
bonate at 500mm/min at room temperature
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Figure 4-53: (a) Fracture surface of 0.76mm radius notched
polycarbonate at 500mm/min at room temperature. (b) Axial
(b)
20% rubber
schematic of
Figure 4-54: Fracture surface of 0.76mm radius notched 20% rubber modified poly-
carbonate at 500mm/min at room temperature.
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Figure 4-55: 0.76mm radius notched tension tests at 5mm/min at -60 C with various
rubber fractions.
fail during the load drop. The 20% and 30% rubber-filled specimens both show a small
amount of displacement before failure after the load drop. Fracture surfaces for the
un-modified PC specimen can be seen in Figures 3-128 and 3-129. Fracture surfaces
for the 5% rubber-modified specimen are shown in Figures 4-56 and 4-57. These
figures show a small circular internally initiated failure site, and is representative of
the 10% rubber-modified specimen as well. Fracture surfaces for the 20% rubber-
modified specimens are shown in Figures 4-58 and 4-59. These fracture surfaces show
the beginning of a surface initiated fracture. Fracture surfaces for the 30% rubber
volume fraction specimen are shown in Figures 4-60 and 4-61. These figures show an
internal failure initiation site near the edge of the specimen.
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(a) (b)
Figure 4-56: (a) Fracture surface of 0.76mm radius notched 5% rubber modified
polycarbonate at 5mm/min at -60 C. (b) Axial schematic of fracture.
,Failure Initiation
Figure 4-57: Fracture surface of 0.76mm radius notched 5% rubber modified polycar--
bonate at 5mm/min at -60' C
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(a) (b)
Figure 4-58: (a) Fracture surface of 0.76mm radius notched 20% rubber modified
polycarbonate at 5mm/min at -60 C. (b) Axial schematic of fracture.
Figure 4-59: Fracture surface of 0.76mm radius notched 20% rubber modified poly-
carbonate at 5mm/min at -60 C.
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Failure Initiation
(a) (b)
Figure 4-60: (a) Fracture surface of 0.76mm radius notched 30% rubber modified
polycarbonate at 5mm/min at -60 C. (b) Axial schematic of fracture.
Failure Initiation
Figure 4-61: Fracture surface of 0.76mm radius notched 30% rubber modified poly-
carbonate at 5mm/min at -60 * C
207
4.4 Summary
e Uniaxial compression tests were conducted on both un-modified polycarbonate and
polycarbonate containing various rubber volume fractions. All specimens showed an
initial elastic response, followed by yield. There was a decrease in both the elastic
modulus and the yield stress with increasing rubber volume fraction. Yield was
followed by strain softening. The amount of strain softening decreased with increasing
rubber volume fraction. Strain softening was followed by strain hardening, which also
decreased with increasing rubber volume fraction.
9 Uniaxial tension tests were conducted at both 5 and 500mm/min at room tem-
perature, and at 5mm/min at -60 C. All tests showed an initial elastic response
followed by yield and then a load drop to a stable value. This was followed a constant
load value as the neck propagated throughout the specimen. In some cases there was
an increase in the load as the neck continued to propagate into larger area cross-
sections at the end of the gauge length. It was shown that there was a decrease in
both the elastic modulus and the yield stress as rubber volume fraction increased.
There was also a decrease in the amount of the load drop as rubber volume fraction
increased. The decreases in elastic modulus, yield stress, and the load drop were
larger for tests conducted at room temperature than for those conducted at -60 C.
All specimens were shown to fail in a ductile manner from surface initiated failure
sites.
* Notched tension tests were conducted on 1.9mm radius notched specimens con-
taining various rubber volume fractions. These tests were also conducted at 5 and
500mm/min at room temperature and at 5mm/min at -60 C. Similar to the un-
notched tests the specimens exhibited initially elastic behavior, followed by yield and
then a load drop. These specimens also showed decreased specimen stiffness, load at
yield, and load drop with increasing rubber volume fractions. All specimens tested at
room temperature failed from surface initiated failures. All specimens, with the ex-
ception of the 30% rubber-modified specimen, tested at -60 C failed from internally
initiated fracture sites.
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* Notched tension tests were performed on 1.27mm radius notched specimens at 5
and 500mm/min at room temperature and at 5mm/min at -60 C. These specimens
all exhibited an initially elastic response. All specimens are shown to yield. As in
previously discussed cases, both the elastic modulus and the load at yield decrease
with increasing rubber volume fraction. For tests conducted at 5mm/min, the un-
modified material fails during the post yield load drop, while all rubber-modified
materials show a load drop followed by a constant load period as well as continued
displacement to failure. For tests conducted at 500mm/min both the un-modified and
5% rubber-modified specimens fail during the load drop. All other rubber modified
tests conducted at this rate show continued displacement at modestly increasing load
to failure. For tests conducted at -60 C both the un-modified PC and the 5% rubber-
modified PC failed during load drop. All other rubber-modified specimens showed a
small amount of displacement after the load drop before failure. For tests conducted at
5mm/min the un-modified specimen had an internally initiated failure site, while all
rubber-modified specimens failed from surface initiated fractures. For tests conducted
at 500mm/min both the un-modified and 5% rubber-modified had internally initiated
failure sites, while all other higher rubber volume fraction specimens failed from
surface initiated failures. For tests conducted at -60 C the 5%, 10%, and 30% rubber-
modified specimens failed from an internally initiated fracture, while the 20% rubber-
modified specimen failed from a surface initiated fracture.
e Notched tension tests were performed on 0.76mm radius notched specimens at 5
and 500mm/min at room temperature and at 5mm/min at -60 C. These specimens
all exhibited an initially elastic response. The un-modified specimens in all cases
failed prior to yield. As in all previously discussed cases, both the elastic modulus and
the load at yield decrease with increasing rubber volume fraction. For tests conducted
at 5mm/min, the un-modified material fails prior to yield, while all rubber-modified
materials show a load drop and load stabilization as well as continued displacement
to failure. For tests conducted at 500mm/min the un-modified specimen fails prior
to yield, while the 5% rubber-modified specimen failed during the load drop. All
other rubber-modified tests conducted at this rate show continued displacement to
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failure. For tests conducted at -60 C the un-modified PC specimen fails prior to
yield, while the 5% and 10% rubber-modified PC specimens failed during the load
drop. All other rubber-modified specimens showed a small amount of displacement
after the load drop before failure. For tests conducted at 5mm/min the un-modified
specimen had an internally initiated failure site, while all rubber-modified specimens
failed from surface initiated fractures. For tests conducted at 500mm/min both the
un-modified and 5% rubber-modified had internally initiated failure sites, while all
other higher rubber volume fraction specimens failed from surface initiated failures.
For tests conducted at -60 C the 5%, 10%, and 30% rubber-modified specimens
failed from an internally initiated fracture, while the 20% rubber-modified specimen
failed from a surface initiated fracture.
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Chapter 5
Conclusions
Tension and compression tests were performed on un-modified and rubber-modified
polycarbonate under various loading conditions. These tests were performed to de-
termine the effects of strain rate, temperature, and notch-induced enhanced stress
triaxiality on the mechanical behavior of these materials. The Arruda-Boyce consti-
tutive model for glassy polymers and finite element code was used to simulate the
deformation of the un-modified material.
e Uniaxial compression stress-strain curves exhibited an initial elastic response,
followed by a nonlinear transition to yield, followed by yield. Yield was followed
by strain softening and then strain hardening at large strains. Uniaxial compression
tests exhibited a dependence of yield stress and elastic modulus on temperature. Yield
stress was also shown to increase with increasing strain rate. Strain softening was
shown to be independent of both temperature and strain rate for the ranges tested.
The constitutive model captured all aspects of the stress-strain behavior well, with
the exception of the non-linear transition to yield. The temperature dependence
of the elastic modulus and yield stress were also captured well by the model. The
constitutive model also predicted the strain rate dependence of the yield stress well.
9 Load-displacement curves for uniaxial tension of un-notched specimens exhib-
ited an initially elastic response followed by macroscopic yielding and a load drop.
There was then a load plateau with continued displacement as the neck propagated.
At large displacements, when the neck had propagated the entire length of the speci-
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men, the load then increased as the neck propagated into the larger area cross-sections
of the specimen. This was followed by failure. All failures of un-notched specimens
were surface initiated. Load at yield was shown to be dependent on temperature
and displacement rate. Load at yield increased with increasing displacement rate,
and decreased with increasing temperature. The numerical simulations predicted all
aspects of the load-displacement behavior well. The numerical simulations showed
large values of axial strain and principal stress at the edges of the specimen at failure
where the axial strain of 0.65 coincided with failure.
* Load-displacement curves for 1.9mm radius notched tension specimens exhib-
ited an initially elastic response followed by a load drop. This load drop was followed
by a gradual increase in the load as deformation propagated to larger area cross-
sections of the specimen away from the net section. This was followed by failure.
All 1.9mm radius notched specimens tested at room temperature failed from surface
initiated fractures similar to those seen in the un-notched cases where the localized
strain reached approximately 0.65. The 1.9mm radius notched specimen tested at
100 C failed in a brittle manner. The 1.9mm radius notched specimen tested at -
60 0 C failed after plastic straining by internally initiated failure. The load at yield for
the 1.9mm radius notched specimens was shown to be independent of displacement
rate. Displacement to failure decreased with increasing displacement rate. The nu-
merical simulations captured the initial elastic response, yield, load drop and gradual
increase in load well for the 1.9mm radius notched specimens well. For tests per-
formed at room temperature the numerical simulations showed large values of axial
strain and maximum principal stress at edges of the notched region at failure. For the
test performed at 100 C the numerical simulations showed large values of negative
pressure coincident with the failure initiation site. For the test performed at -60' C
the numerical simulation showed peak values of strain at the center of the specimen
coincident with the failure initiation site.
* The 1.27mm radius notched specimens exhibited an initially elastic response
followed by a load drop and then failure. All 1.27mm radius notched specimens failed
from internally initiated fractures. The numerical simulations of these specimens
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showed large values of negative pressure in the center of the specimen coincident with
the failure initiation sites.
* All 0.76mm radius notched specimens exhibited an initially elastic response,
those tested at room temperature and -60 C and failed prior to yield. The 0.76mm
radius notched specimen tested at 100 C failed immediately after yield. Numerical
simulations of these tests showed large values of negative pressure inside of the notch
that were coincident with the failure initiation sites.
* Numerical simulations showed that all ductile fractures (all un-notched cases
and 1.9mm radius notched specimens tested at room temperature and -60 C) had
strain values at failure of approximately 0.65. This implies that the ductile failure
criteria for this material is a strain of 0.65.
* Simulations of the notched loading conditions together with the experimental
data enabled the construction of a brittle fracture criterion based on reaching a critical
negative pressure. As seen in Figure 3-136 the brittle failure criteria is temperature
dependent. The value of negative pressure required to initiate a brittle failure is
shown to decrease with increasing temperature.
9 Rubber-modified polycarbonate tested in uniaxial compression is shown to ex-
hibit an initially elastic response followed by yield, strain softening and then strain
hardening at large strains. There was a decrease in elastic modulus, yield stress,
strain softening, and strain hardening with increasing rubber volume fraction.
e Rubber-modified polycarbonate tested in uniaxial tension exhibits an initially
elastic response, this is followed by yield, a load drop, and then a load plateau as the
neck propagates. All rubber modified specimens tested in uniaxial tension experienced
neck formation and stable neck propagation. All rubber-modified specimens tested in
uniaxial tension were shown to fail in a ductile manner from surface initiated failure
sites. The elastic modulus, the yield stress, and the load drop all decreased with
increasing rubber volume fraction. The addition of sub-micron rubber particles was
not seen to enhance the properties of PC tested in un-notched tension.
* Rubber-modified notched tension specimens also exhibited an initially elastic
response. For tests conducted at room temperature this was usually followed by
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yield, a load drop and then a gradual increase in load as deformation moved to larger
area cross-sections away from the net section. All 1.9mm radius notched specimens
tested at room temperature failed from surface initiated failure sites. The addition of
sub-micron rubber particles was not seen to dramatically improve the properties of
the 1.9mm radius notched specimens tested at room temperature, and only slightly
increased displacement to failure for test conducted at -60 C. For the more severe
notches (1.27 and 0.76mm radii) tested at 5mm/min the addition of 5% rubber par-
ticles by volume drastically increased displacement to failure. All rubber-modified
specimens for these two notch geometries tested at 5mm/min failed from surface
initiated failures. For tests conducted at 500mm/min on the more severe notches,
the addition of 10% rubber particles by volume were needed to drastically increase
displacement to failure. For these more severe notch geometries tested at this rate,
samples containing 10%, 20%, and 30% rubber particles by volume failed from surface
initiated fracture sites. The addition of sub-micron rubber particles was not seen to
dramatically increase the displacement to failure at -60 C for these two geometries.
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Appendix A
Constitutive Model
As detailed by Boyce and Arruda [2], the constitutive model used in this thesis consists
of the following. The plastic shear strain rate is given by the equation below:
yP = )o exp Aso
kE) ( 5/61- - (A.1)
'o is the pre-exponential factor. Aso is the zero stress activation energy, and k is
Boltzmann's constant. E is the absolute temperature, and so is the athermal shear
strength given below:
0.077
1 - v (A.2)
where v is the Poisson's ratio and /u is the elastic shear modulus.
dependence is captured with by:
The pressure
so = s + aP (A.3)
where a is the pressure dependence coefficient.
The following equation models the macroscopic response of true strain softening:
= h 1 (A.4)S8S(e) P)) -YP
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where h is the softening slope and s,, is the "preferred" state (dependent on 9 and
-Y).
Strain hardening is given by the following equation:
- nk_ APi~ A' 2 - IAB v'H12L- chi j (A-5)
3 LrNJ Achain
here B2 are the principal components of the back stress tensor and capture the effects
of molecular chain orientation. vW is the limiting value of chain stretch. I1 =
(AP 2 + AP2 + AP 2) where Af are the principal applied stretches, and APai is the
plastic stretch on a chain. L is the Langevin function given below:
1AL(B) = coth B - -, B = 1- 1 Ac"i" (A.6)
B '
The following parameters were used in the constitutive model:
E=2.24 GPa: calculated from compression data.
v=0.33: taken from literature.
aT=1.6e-5/K: taken from literature.
' 0 =O.5e15 s-1 :calculated from least square fit of log of yield stress in uniaxial
compression vs strain rate.
As=3.34e-19 J: fit to compression data.
sS8=75.5 MPa: taken from compression data.
So = S83
S0=0.78
h=500 MPa: taken from literature.
CR=12.8 MPa: taken from literature.
N=2.3: fit to compression data.
a=0.08: taken from literature.
Note that in these simulations the temperature dependence of s was not taken
into account and therefore all temperature dependent plastic flow is lumped into the
thermal activation aspect of the model. Future work should more carefully address
the temperature dependent issues of the constitutive model.
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